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HIGH ENERGY PROTON SP&'CION+ -- FISSION OF URANIUM 

* 
R .  L .  Folger, P. C.  Stevenson, and G. T. Seaborg 
Radiation Laboratory and Department of Chemistry 
Universi ty of  California, Berkeley, Cal i fornia  

The f i s s i o n  and spa l la t ion  reactions caused i n  uranium by bombard- 

ment with high energy protons (340 t o  350 Mev) were invest igated.  The 

reac t ion  products were separated from the t a r g e t  by chemical processes 

and iden t i f i ed  by t h e i r  radioact ive  proper t ies .  The r e l a t i v e  y ie lds  

of t h e  observed f i s s i on  products were measured, and t h e  r e s u l t s  p lo t ted  

as a function of mass number. Several  of t he  s p a l l a t i o n  products were 

i den t i f i ed  and t h e i r  y ie lds  estimated. 

An attempt was made t o  determine the  most probable atomic number 

f o r  a nuclide of given mass formed d i r ec t l y  from f i s s i o n .  Studies 

were nnde of the  r e l a t i ve  y ie lds  along several i soba r i c  chains as a 

function of atomic number. From these data  predic t ions  of the  mass and 

charge of the f i s s ion ing  nucleus a r e  made. 

27 Using the  reaction A 1  ( p , 3 p n ) ~ a * ~  of known c ross  sect ion t o  

monitor the bombarding beam, the formation c ross  sec t ions  fo r  several  

f i s s i o n  product nuclides were measured. Values f o r  these  reference 

nuclides were used t o  transform the r e l a t i v e  y i e ld s  i n t o  formation 

cross  sections.  In tegrat ion over the range of mass numbers of the  

a rea  under t h e  curve of formation cross section as a funct ion of mass 

number l ed  t o  a value f o r  t h e  t o t a l  f i s s i on  cross  sec t ion  f o r  uranium 

bombarded with high energy protons, assuming predominantly binary f i s s i o n .  
* 

Now a t  E. du Pont de Nernours and Co., Oak Ridge, Tennessee. 
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HIGH ENERGY PROTON SPAUATION - FISSION OF URANIUM 
* 

R .  L .  Folger, P. C. Stevenson, and G. T .  Seaborg 
Radiation Laboratory and Department of Chemistry 
University o f  California,  Berkeley, California 

A. Summary of Previous Data on High Ehergy Fission 

I n  recent years there has been considerable i n t e r e s t  i n  t h e  mechanism 

of f i s s i on  induced by high energy pa r t i c l e s  (g rea te r  than a few ~ e v )  a s  

compared to  tha t  induced by low i n i t i a l  exc i ta t ion .  The grea tes t  amun t  

of work has been done with t h e  t a r g e t  elements bismuth,' thorium, 293 

and uranium. 3r4 High energy f i s s i o n  of o ther  heavy elements from Z = 73 
6 t o  Z = 82 has been B a t a d  and Seaborg have announced t h e  

high energy f i s s i o n  of a number of medium weight elements. 

The y ie ld  d i s t r i bu t i on  o f  f i s s i o n  products has been studied by 

chemical separation techniques followed by i den t i f i c a t i on  of t he  nuclides 

through r ad ioac t i v i t y  masurement s, and a l s o  by measurement of the  k ine t i c  

energies of the f i s s i o n  fragments. The predominant cha rac t e r i s t i c s  of 

high energy f i s s i o n  which appear from these  s tud ies  a re :  

(1) A single peak i s  found i n  the yie ld  versus mass d is t r ibu t ion  

curve, indicat ing symmetric f i s s i on .  

(2) Evaporation of nucleons is  evidenced by t h e  mass number of 

t he  y ie ld  peak being l e s s  than one-half the mass of the  t a rge t  nucleus. 

(3) The k i n e t i c  energies of .the f i s s i o n  fragments seem t o  be prac- 

t i c a l l y  independent of the  i n i t i a l  t a r g e t  nucleus exc i ta t ion .  

Predominantly syme t r i c  f i s s i o n  has been reported by Goeckermann 
1 

and Perlman (bismuth w i t h  190 Mev deuterons), OIConnor and Seaborg 4 

*NOW a t  E. I .  du Pont de Nemours and Co., Oak Ridge, Tennessee. 
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3 (uranium with 380 Mev helitllh Sons), and Jmgerman and Wright (ur&iwa 
* 

with 90 Mev neutrons). A t  intermediate energies, the contribution of 

a s p m e t r i c  f iss ion i s  &own by the  appearance of t m  peaks with a shallow 

2 
d i p  between them. This e f f ec t  has been observed by Newton (thorium 

3 plus 38 Nev helium ions), and Jungemn and Wright (uranium plus 45 Hev 
* 

neutrons). 

I n  t h e  high energy deuteron f iss ion of bismuth, Goeckermann and 

1 
Perlman observed symmetric binary f i ss ion  i n  which the mass of t h e  

nucle i  having the peak yield was l e s s  than one-half the mass of the tar- 

g e t  nucleus. The mass difference indicated the evaporation of 10 t o  1 2  

nucleons. The re la t ive  yields  of the f i ss ion  product isobars seemed t o  

indicate  tha t  the  most probable primary products were ,those having the  
i) ?" 7 same charge t o  mass r a t i o  as the fissioning nucleus. Yamamchi, i n  a 

theore t ica l  treatment of nuclear evaporation, has shown tha t  f o r  bismuth 

bombarded with 200 Mev deuterons, the half-width fo r  neutron emission i s  

grea ter  than the half-width f o r  f iss ion u n t i l  10 t o  11 neutrons have been 

emitted. I* the ease of uranium bo&arded with 380 Mev helium ions, 4 

t he  peak mass was not well enough defined t o  demonstrate nuclear evapo- 

rat innal though the carve showed a strong poss ib i l i ty  t h a t  such par t ic le  

evaporation had occurred. 

Measurements of f i s s ion  fragment kinet ic  energies have been made by 

J u n g e m  and wright , using ionization chamber techniques, and indi rec t ly  
8 

by douthett, measuring the  ranges of the  fragments i n  aluminum. I n  
I .  . . /  3 bombarding uranium with 45 and with 90 Mev neutrons, Jungennann observed 

- 9 
6bgresente ionization chamber measurement of fragment kinetic energies, 
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R e d  sed 

t h e  limits of experimental e r ro r9  the  ranges of f i s s i on  fragments obtained 

by radiochenical separation f porn absorber f o i l s  were respect ively  the  same 

f o r  slow neutron fission9910 of u ~ ~ ~ ,  and t h e  f i s s i on  of natural  uranium 
8 

with 18 Mev deuterons. I n  t he  case of uranium plus  335 Mev protons, 
8 

the re  is  a qystematic lowering of the  observed f i s s ion  fragment energies 

by about 6 t o  8 Mev compared t o  slow neutron f i s s i on .  Two explanations 

have been advanced f o r  t h i s  lowering of observed k ine t ic  energyS8 I f  

evaporation of nucleons takes place  t o  a s ign i f ican t  extent ,  the  mass of 

t he  fragment complementary t o  the  observed f i s s i o n  fragment w i l l  be l e s s  

than t ha t  of the  comparable fragment i n  t h e  ease of slow neutron f i s s i on .  

The proportionately l i g h t e r  fragment w i l l  ca r ry  off  a r e l a t i ve ly  greater  

amount of t h e  avai lable  energy, leaving l e s s  f o r  t h e  observed fragment. 

Another explanation i s  tha t  evaporation of some charged p a r t i c l e s  leaves 

l e s s  coulombic potent ia l ,  hence l e s s  t o t a l  avai lable  k ine t ic  energy. 

These r e s u l t s  suggest t h a t  t he  ac tua l  f i s s ion ing  nucleus i n  each 

case i s  i n  a r e l a t i ve ly  unexcited s t a t e  and t h a t  t h e  high i n i t i a l  exci- 

t a t i o n  mergy is not transmitted a s  increased kinet ic  energy of t he  frag- 

ment s . 

B. Statement of t h e  Problem 

The purpose of t h i s  research was t o  invest igate  the  f i s s i o n  and 

spa l la t ion  react ions  caused i n  uranium by bombardment with high energy 

protons (340 t o  350 Mev). The reaction products were separated from the  

t a r g e t  by chemical processes and i den t i f i ed  by t h e i r  radioactive proper t ies .  

Measurement was made of t h e  re la t ive  y ie lds  of the  observed f i s s i on  products 

and t he  r e s u l t s  p lot ted a s  a function of mass number (Figure 1). 
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An attempt was made t o  determine the  primary products ( those formed d i -  

r e c t l y  from f i s s i o n  with highest probabi l i ty  f o r  a given mass) f o r  var ious  

mass numbers. An estimate of t h e  locat ion of p r h a r y  products with respect  

t o  t h e  s tab le  nuclides may be made by observing t he  va r i a t i on  of independent 

y i e l d  (formed d i r e c t l y  i n  f i s s i o n  ra ther  than by growth from a radioact ive  

~ p a r e n t n )  with mass fo r  a given element i n  the region of i n t e r e s t ,  A more 

accurate determination of primary products may be made by determining t h e  

independent y ie lds  of i sobar ic  nuclides a s  a f'unction of atomic numbe~. 

1 
I n  contras t  t o  t he  case of bismuth the f i s s i on  i n s t a b i l i t y  of t h e  heavy 

elements in  t h e  region of  uranium i s  such t h a t  f i s s i on  i s  energe t ica l ly  pos- 

s i b l e  a t  low axci ta t ion energies without t h e  necessi ty of t h e  previous 

2 
evaporation of l a rge  numbers of neutrons to give a more favorable Z  parameter. 

However, a t  t h e  high exci ta t ions  obtainable with 340 Mev protonss it i s  pos- 

s i b l e  fo r  many nucl.eons t o  be evaporated p r io r  t o  fission. '  It was of i n t e r e s t  

therefore  t o  determine t h e  most probable f i s s ion ing  nucleus under these con- 

4 d i t i ons .  From the work of OTConnor and Seaborg, t h e  yie ld  versus mass curve 

might be expected t o  show a d i s t i n c t  q m e t r y  about a s ing le  peak. This would 

suggest t h a t  symmetric binary f i s s i o n  i s  t h e  most probable mode of f i s s i o n .  

When the  most probable f i s s i o n  i s  s p n e t r i c ,  t he  mass o f  t h e  peak of t h e  y i e ld  

versus mass curve should be one-half the mass of t h e  f i s s ion ing  nucleus. When 

1 t h e  Z/A r a t i o  i s  constant as i n  t h e  case of bismuth f f s s ion ,  a homogeneous 

f l u i d  model of t h e  f iss ioning nucleus may be chosen, The r a t i o  Z/A of t h e  

primary f i s s i o n  products may then be used t o  determine the  atomic number of 

t h e  f iss ioning nucleus. 

The excited nuclei  formed i n  t h e  t a rge t  by the bombarding beam do not  

necessar i ly  undergo f i s s i on ,  I n  some cases t h e  evaporation of nucleons may 

proceed t o  give spa l la t ion  products which do not f i s s i o n ,  An attempt was 



made t o  iden t i fy  several  spa l la t ion  products and make a rough estimate of 

t h e i r  y ie lds  i n  an e f f o r t  t o  determine *at  f r ac t i on  of  t h e  t o t a l  react ions  

proceeded by t h i s  path. 

27 The cross sect ion f o r  the reac t ion  Al (p93p$~a2' with 340 t o  350 Mav 

protons was measured by comparing it t o  %he cross s e e t i  on f o r  the react ion 

C ' Z ( ~ , ~ ~ ) C ~ '  which has been measured by Aamodt, Peterson2 and Ph i l l i p s .  
11 

By monitoring the  bombarding beam with a l d n u m  f o i l s  it becomes possible 

t o  measure the formation cross sect ions  fo r  several reference mass nuclides,  

Using these  values,  the  y ie ld  versus mass carve could be transformed i n t o  a 

nformation cross sect ion versus massH mrve,  In tegra t ion  under t h i s  curve 

makes possible t h e  determination of the  f i s s i o n  eross  section f o r  uranium 

with 340 Mev protons9 assuming predominantly binary f i s s i on .  

11, FISSION PRODUCT YIELDS 

A ,  General Considerations 

The quant i ty  I N o  (where N represents t he  number of atoms exposed t o  a 

bombarding beam of in tens i ty  I ) ,  h e r e i n a f t e ~  referred t o  a s  the  independent 

r a t e  of formation, R, (independent of the  durat i  on of' t h e  bombardment) i s  

proportional  t o  the cross sect ion for f a m % i o n  of %he ~ a d i s a c t f v e  species 

under consideration,  Most of t h e  ear l fep determinations i n  t h i s  work were 

made r e l a t i v e  t o  t he  independent r a t e  of formation of 8J4' and i t s  precursors 

since no absolute formation eross  sect ions  had been measured a t  t h a t  time, 

The i n i t i a l  y i e ld  r e su l t s  a re  therefore  expressed r e l a t i v e  t o  t he  independent 

r a t e  of f o r m t i o n  of Ba140 and i t s  precursors, defined a s  1.00. The " re la t ive  

yieldn is defined t o  be the r a t i o  of the cross  section of formation of the  

nuclide i n  question t o  the  cmss sect ion of formation f o r  BaI4' and i t s  

precursors. 



Chemical Techni ques ,-- The f i n a l  sample fop measuring the  d i s in te -  

g ra t ion  a c t i v i t y  of a radioactive nuclide does not  i n  general eonsis t  of 

100 percent of t h e  anount 0% t h i s  species produced i n  t he  bombardment 

(allowing f o r  decay). To cor rec t  f o r  t he  amount o f  a c t i ve  species l o s t  

durfng the  chemical separation propedure, it i s  customary t o  nix with 

t h e  ac t ive  species a known amount (usual ly  1 t o  10 mg) of the  inac t ive  

element, t h e  camfer ,  whose isotopes a r e  being considered. When due prs- 

cautions have been taken t o  ensure equilibrium exchange, t h e  pepcent 

recovery of t h e  act ive  species i s  assumed to be i den t i ca l  with t he  percent 

recovery of the  c a r r i e r  mater ia l ,  

I n  designing a chemical separation procedure it i s  necessary t o  

consider t h e  estimated radioact ive  y ie ld  of the desi red nuclide i n  re- 

l a t i o n  t o  the  e s t h a t e d  y ie lds  of the most l i k e l y  contaminants. 

Detecting - 1 n s t m e n t s . - -  Alpha emitt ing samples were measured e i t h e r  

i n  a proportional counter OP i n  an ionizat ion chamber apparatus. Alpha 

energies were d e t e d n e d  by means of an alpha pulse analyzer,  12 

Samples emitt ing beta  and gamma radia t ion were counted by means of 
I1 

end-window Geiger-Muller tubes, When t h i s  work was begun, the tubes 

ava i lab le  were of t h e  argon-alcohol type, FOP the  more recent work, 

end-window tubes f i l l e d  with a mixture of argon and chlorine (Amperex, 

T$pe 1 0 0 4 )  were used. These tubes show greater  s t a b i l i t y  of counting 

cha rac t e r i s t i c s  than the  argon-alcohol tubes, and a r e  capable of measur- 

i n g  counting r a t e s  a f ac to r  of ten  higher than t h e  argon-alcohol tubes 

could measure. 

A crude magnetic beta ray spectrometer of low resolving power was 

us'ed t o  d i f f e r en t i a t e  between posi t ive  and negative electrons,  and t o  



-lC- 

measure m e u m  beta energies i n  some cases.  

Backscattering.-- Correction f ac to r s  f o r  t he  sca t te r ing  of be ta  par t i -  

c l e s  in to  the  counter from the backing material  on which the sample i s  
t .. mounted have been empirically determined by several  workers. 13-15 me 

amount of backscattering depends primarily upon t h e  thickness and atomic 

number of the backing material .  The sca t te r ing  is r e l a t i ve ly  i n sens i t i ve  

t o  beta energy i n  the  range 0.6 t o  3-Mev. 
14915 

I n  most af our work, 

t h e  sample considered and the ~a~~~ monitor were mounted on similar 

backings so t h a t  f o r  r e l a t i ve  y ie lds  t h e  baekscattering correction can- 

cel led out. 

Self-scattering and Self-Absorption Corrections.-- Since the  radio- 

a c t i ve  samples i n  many cases were of f i n i t e  mass, it was necessary t o  

determine the  l o s s  of gain of apparent a c t i v i t y  i n  passing through the  

mass of t he  sample. There i s  a l o s s  of apparent a c t i v i t y  due t o  ab- 

sorption i n  the  material of the  sample. Sca t te r ing  of beta p a r t i c l e s  

and e lect rons  by t he  mater ia l  of t he  sample causes an apparent increase 

i n  the  ac t i v i t y .  Some preliminary experiments were performed t o  deter-  

mine empirically the  combined self-absorption and sel f -scat ter ing cor- 

rect ions .  l6,l7 The absorbing power of sample m t e r i a l  fo r  p a r t i c l e s  

changes only slowly with the atomic number, but the  sca t te r ing  power 

increases markedly, I n  some cases the  scat ter ing e f f e c t s  were so great  

t h a t  a net increase i n  apparent counting r a t e  was obtained even f o r  

several  milligrams per square centimeter of sample thickness. 

A i r  Window Absorption,-- The l o s s  of  a c t i v i t y  by absorption i n  t h e  

a i r  between the  sample and the  counter dndow, and in the  window i t s e l f  

was determined by s t r a igh t  l i n e  extrapolation of aluminum and/or 



beryllium absorption curves whose i n i t i a l  port ions were carefully measured 

using t h in  absorbers. 

Counting Efficienef es,-- I n  determining y i e ld s  of various nuclides 

it was necessary t o  make some assumpti6ns regarding r e l a t i v e  counting 

e f f ic ienc ies .  For beta  pa r t i c l e s  and electrons a counti  ng ef f ic ieney 

of 100 percent was assumed with the argon-alcohol f i l l e d  tubes.  The 

calculated counting e f f i c i enc i e s  used fo r  electromagnetic radia t ion,  

based on absorption i n  the  gas of the  counter tube, were 0,5 percent f o r  

energies from 20 kev t o  0.5 Mev9 and 1 percent per Mev the rea f t e r  f o r  

argon-alcohol f i l l e d  tubes.'' The r a t i o  of the over-all ef f ic iency of 

t h e  argon-chlorine (Amperex) tubes  to  the argon-alcohol tubes f o r  the  

same geometry was d e t e d n e d  to be 45 percent by counting a number of 

samples having beta and electromagnetic radia t ions  of var ious  energies. 19 

Effective Geometry,-- The e f fec t ive  geometry i s  re la ted  t o  t h e  so l id  

angle subtended by the  sensi t ive  volume of t he  counter tube a t  various 

dis tances  from t he  sample, The sample holders used i n  t he  Geiger count- 

i ng  had f i v e  posit ions varying from 0,3 t o  

6.7 cm from t h e  tube window, An attempt was made t o  count t he  monitor 

sample i n  t h e  same posi t ion a s  the sample of the nuclide whose r e l a t i v e  

y i e ld  was being determined. Where such an arrangement was not p rac t ica l  

i n i t i a l l y ,  due to too  great  a di f ference i n  the  counting r a t e s  of the  

samplesp the  "geometryw r a t i o  would be determined e m p i ~ i c a l l y  when t he  

counting r a t e s  were more nearly equal. This r a t i o  was not  a t r u e  geo- 

metric r a t i o  because of increased air absorption a t  g rea te r  d is tances  

from the  counter vdndow. For eases i n  which t he  absorption charac te r i s t i cs  

of a par t i cu la r  beta  s p e e t m  were ra ther  well known so t h a t  a i r  absorption 
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correct ions  could be applied, measurements of the  t r u e  geometric r a t i o s  

between various pos i t ions  were made. 

B.  Observed Fission Product Nuclides 

The chemical procedures used t o  i s o l a t e  the  various elements a r e  

discussed i n  Appendix I. 

Sodium.-- From a uranium t a rge t  prepared with extreme care  t o  elimi- 

na te  any l i g h t  element surface contamination, the  i so l a t ed  sodium f r ac t i on  

showed a beta a c t i v i t y  of 1 5  hour ha l f - l i f e  in amount l a rge r  than could be 

accounted f o r  by impurit ies i n  t h e  uranium. The decay was followed for  

f ou r  hal f - l ives  without observing any deviat ion due t o  radioactive im- 

pu r i t i e s .  Aluminum absorption measurements of t he  be ta  radia t ion showed 

24 * t h e  1.4 Nev be ta  energy of Na . 
- 

Manganese.-- I n  t h e  manganese f r ac t i on  separated a f t e r  an  e igh t  hour 

bombardment of a uranium t a rge t ,  a 5.8 day a c t i v i t y  was  observed. The 

absorption cha rac t e r i s t i c s  and ha l f - l i f e  corresponded t o  those observed 

f o r  Mn52 formed by spa l la t ion  of  i r o n  with 340 Nev protons.20 The amount 

of Mn52 produced could be accounted fo r  by the known amounts of i ron  and 

nickel  impurit l e s  i n  t h e  uranium t a rge t .  

Iron.  -- The i ron  decay measurements showed two major components . - 
One was the expected 46 day ~ e ~ ~ .  The shor te r  component, having a 

ha l f - l i f e  of about, 8.4 hours, seems t o  be a new a c t i v i t y .  Decay measured 

through 222 mg/cm2 of aluminum ( t o  block t h e  pa r t i cu l a t e  radiat ion of 

59 Fe ) showed the  8,4  hour a c t i v i t y .  No growth was .observed ( l i m i t  de- 

60 t ec tab le ,  20 minutes). This new a c t i v i t y  is probably due t o  Fe . 
Aluminum absorption measurements of t h e  46 day a c t i v i t y  showed the  

s o f t  beta rad ia t ion  of ~ e ' ~ .  Aluminum absorption measurements on the  

* Unless otherwise indicated, values of t h e  ha l f - l i fe  and beta energy 
f o r  the various nuclides were obtained from e i t he r  t h e  "Table of Isotopesn 21 
o r  the "Chart of t h e  Nuclides,rt22 
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8.4 hour a c t i v i t y  showed a be ta  p a r t i c l e  of about 1 . 5  Mev energy, The 

sample was measured on a crude magnetic beta  ray spectrometer. The 

8,4 hour a c t i v i t y  showed negative beta radia t ion.  No positrons were 

observed, 

Cobalt.- Decay measurements of t h e  cobalt f r a c t i o n  &owed a com- 

ponent of 1.7 hours, presumably due t o  co61. Aluminum absorption measure- 

ments of the 1.7 hour a c t i v i t y  showed a beta energy o f  about 1,3 Mev, 

Nickel .-- The decay of n ickel  showed components of 2.6 hours and 

66 
56 hours, presumably ~i~~ and Ni , respectively.  Aluminum absorption 

measurements of the 56 hour N i  66 

66 4.3 minute Cu i n  equilibrium, 

Copper .-- Three isotopes o f  

showed t h e  2.9 Mev be t a  pa r t i c l e  of 

copper were i den t i f i ed .  The 3,4 hour Cu 61 

was observed by following the decay of  i t s  positrons on a crude beta ray 

spectrometer. The 12.9 hour ~u~~ was also seen i n  t h i s  manner a s  well 

as by resolution of the decay curve obtained with a conventional Geiger 

counter. Sixty  hour ~u~~ was c l ea r ly  seen i n  the  beta decay curve. 

F e d - K u r i e  p lo t s  of t h e  crude beta spectrometer positron data 

shoved the 1.2 Mev g+ of cu61 and the 0.66 fl* of C U ~ ~ .  Aluminum ab- 

sorption measurements, taken a f t e r  the  12.9 hour a c t i v i t y  had decayed 

67 out,  showed the 0.6 Mev p- of Cu 

Zinc.- Observation of the  decay o f t h e  zinc samples showed a - 
ha l f - l i f e  of 49 hours. A growth corresponding t o  a daughter ha l f - l i f e  

of  l4 hours was observedr indicat ing t h e  presence of 49 hour ~n~~ with 

14 hour ~a~~ daughter. 

Arsenic.-- Decay of t h e  arsenic  samples observed through 350 mg/cm 2 

of  aluminum ( t o  block the par t i cu la te  radia t ion of  AS^^) showed an 



a c t i v i t y  of 26,8 hours ha l f - l i fe .  Decay without absorber showed the 

77 40 hour a c t i v i t y  of A s  

Selenium,-- The predominant a c t i v i t y  i n  t he  selenium samples was the  

59 minute se81m d t h  the  17 minute se81 in equilibrium. It was possible 

t o  detect  t he  25 minute see3 both by resolution of the decay curve and 

by observing t h e  2.4 hour ~r~~ daughter i n  th e decay measurements. 

Twenty-four hours a f t e r  bombardment, the  decay curve showed e s sen t i a l l y  

83 no a c t i v i t y  other  than the  2.4 hour B r  

Aluminum absorption measurements on t h e  59 minute a c t i v i t y  showed 

81 the 1.5 Mev be ta  pa r t i c l e  of Se 

Bromine.-- The bromine decay curves showed mainly 2.4 hour and 

3 5 hour components when measured without absorber , Decay measured 

2 through 490 mg/cm of aluminum &owed components of 4,4 hour and of 

34 minute ha l f - l i f e  a f t e r  mbtraet ion of a 35 hour cmponent due t o  the  

2 penetra t ing radia t ion of ~4~~ Decay measured through 750 mdcm of 

aluminum showed a component. of 34 minute ha l f - l i f e  and a residium of 

4.4 hour and 35 hour a c t i v i t i e s .  The r e l a t i ve  counting e f f ic iency  of 

t h e  4 0 4  hour a c t i v i t y  was considerably reduced by the  increased absorber. 

Aluminum absorption measurements of the 2.4 hour a c t i v i t y  showed a 1 Mev 

b e t a  par t i c le .  

From the  evidence we conclude t h a t  I3r8Om9 ~r~~~ ~ r * ~ ,  and ~r~~ a re  

formed a s  f i s s i o n  products with B r 4  being produced i n  highest y ie ld .  

Rubidium,-- The mbidium sample showed an a c t i v i t y  of 19 , s  day 

ha l f - l i fe?  presumably Itbe6. The sample was not i so la ted  soon enough 

t o  detect  any of t h e  shor te r  lived rubidium isotopes.  Aluminum absorption 

measurements on t h e  rubidium a c t i v i t y  showed a 1 . 8  Mev beta p a r t i c l e .  
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Strontium.-- From decay measurements a 9.7 hour strontium a c t i v i t y  

was observed. A 60 day yttr ium a c t i v i t y  was chemically separated from 

t h e  strontium sample, indicat ing the presence of sr91. Another strontium 

sample, from Fhich yttr ium had been removed a week a f t e r  bombardment of 

t h e  t a rge t ,  showed an  a c t i v i t y  of 54 day ha l f - l i f e .  This  was thought 

Aluminum absorption measurements on t h e  54 day a c t i v i t y  showed 

89 t h e  charac te r i s t i c  1 , 5  Mev beta pa r t i c l e  of S r  The background due 

t o  electromagnetic rad ia t ion  was negl igible .  

Zirconium.-- The zirconium decay showed a 17 hour a c t i v i t y  which 

grew a 69 minute daughter, presumably due t o  ~r~~ and After  

95 decay of the ~ r ~ ~ ,  a decay l i n e  of predominantly 65 day h a l f - l i f e  (ZP ) 

was seen. 

Niobium.-- FOUP major species were i den t i f i ed  i n  t h e  niobium decay: 

68 minute Nb97; an a c t i v i t y  of approximately 23 hours, probably ~ b ~ ~ ;  

90 hour ~b~~~ obtained by ana ly t ica l  treatment of t h e  counting data ;  

and 37 day 

Molybdenum.-- The only a c t i v i t y  observed i n  t h e  molybdenum f r ac t i on  

99 was the  67 hour Mo 

Ruthenium.-- Decay measurement showed a 4,4 hour a c t i v i t y  and 

longer cmponents. After allowing one year f o r  intermediate a c t i v i t i e s  

t o  d i e  out, decay f o r  a perlod of one year showed a one year a c t i v i t y .  

When t h e  a c t i v i t y  due t o  t h i s  component was subtracted from the  e a r l i e r  

da ta ,  an a c t i v i t y  of approximately 43 day ha l f - l i f e  was observed. Sub- 

t r a c t i o n  of t h i s  i n  tu rn  &owed a 37 hour ac t i v i t y ,  indicat ing t h e  

presence of 4.4 hour FLu105 decaying t o  37 hour Rh105* The 43 day a c t i v i t y  
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103 was presumed t o  be Ru ., 

Aluminum absorption measurements on t h e  one year  a c t i v i t y  &owed 

t h e  charac te r i s t i c  hard beta  pa r t i c l e s  of t h e  daughter i n  equi l i -  

106 
b r i m  with 1.0 year Ru a 

Palladium.-- Two palladium a c t i v i t i e s  were observed d i rec t ly ,  

21 hour pd112 and 1 4  hour pd109 ., The f o  m a t i o n  of  26 minute pdlll was 

demonstrated by the  ~ e p a r a t i o n  of 7 - 5  day A$" from a port ion of the  

t a r g e t  immediately a f t e r  bombardment and from a second port ion a f t e r  an 

111 
i n t e r v a l  of t h r ee  t o  four  hours. The spec i f ic  a c t i v i t y  of Ag was 

s ign i f i c an t l y  higher i n  t he  second portion than i n  the  f i r s t ,  ind ica t ing  

111 i ts  formation by  t he  decay o f  Pd . 
2 Decay was measured without absorber, through 80 mg/cm of aluminum 

2 ( t o  block the  beta  p a r t i c l e s  of pd112), a d  through 490 mg/cm of alumi- 

num (blocking t he  beta p a r t i c l e s  of pd112 and pd109, bu t  allowing t he  

rad ia t ion  of 3 - 2  hour A $ ~ *  i n  equilibrium with pdU2 t o  be counted). 

Growth of the 3.2 hour A~~~~ was observed. 

2 Silver.-- Decay through 1380 =/cm aluminum ( t o  block a l l  particu- 

l a t e  radia t ion from s i l v e r  isotopes except t h a t  o f  Ag 'I2) showed the 

3.2 hour Ag112. Decay without absorber on a sample separated vary 

soon a f t e r  bombardment ( t o  minimize growth of 3.2 hour from 21 hour 
111 

pd112) emphasized t h e  5.3 hour 1$13 ., The 7.5 day Ag was c lea r ly  seen, 

and shown to  be formed ( see  above) as a primary f i s s i on  product, i t s  

independent y i e ld  being 18-20 percent of t h e  t o t a l  observed $' chain. 

Decay followed over a period of ten  months showed an a c t i v i t y  of 250-270 

110 days, presumably Ag 



The formation of 20 minute was shown by separating 53 hour Cd 115 

from a port ion of the  t a rge t  %mediately a f t e r  bombardment and from a 

second port ion a f t e r  an i n t e rva l  of about four hours. The specif  ic 

a c t i v i t y  of cd115 separated f m m  the  second port ion w a s  s ign i f ican t ly  

higher than that f r o m  t he  f i r s t  po r t i  on, indicat ing i t s  formation by 

decay of 11$15 

A sample of s i l ve r  was i n i t i a l l y  separated from cadmium, then allowed 

t o  decay. Cadmium separated from t h i s  sample a f t e r  f ou r  hours showed a 

53 hour ha l f - l i fe  wfth no indicat ion of a 43 day component, This indi-  

c a t e s  t h a t  ~g~~~ decays predominantly t o  the  cd115 ground s t a t e  ra ther  

ll5m than t o  Cd * 

t h e  

7.5 

due 

Aluminum absorption measurements on t h e  3.2 hour a c t i v i t y  showed 

charac te r i s t i c  3.6 Mev be ta  pa r t i c l e  of A $ ~ ~ ~  Measurements on the  

day a c t i v i t y  showed t h e  1 Mev beta energy of A~'". The background 

t o  electromagnetic r ad i a t i on  was l e s s  than 0.05 percent of the  

i n i t i a l  a c t i v i t y .  Correcting f o r  the  di f ference in counting e f f ic ienc ies ,  

t h i s  means t h a t  any 8.6 day ~g~~~ ,st be present i n  an amount l e s s  than 

111 5 percent of t h a t  of Ag 

2 
Cadmium.-- Decay through 946 %/em of beryllium ( t o  block a l l  

p a r t i c l e s  of energy l e s s  than 1 , 9  Mev) &owed evidence of t h e  49 minute 

cdllh and indicated the  poss ible  presence of  6.7 hour Cd107., Decq 

of t h e  beta radia t ion &owed 2.8 hour ~d~~~~ 53 hour ~d~~~~ and 43 day 

~d~~~~~ There was a very long l ived component which suggested the  

109 presence of 470 day Cd Aluminum absorption measurements showed 

11 5 t h e  1.1 Mev beta pa r t i c l e  of the  53 hour Cd 



UCB-1195 
Revi sed 

Tin ,-- Decay measurements showed components of about 27 hour and - 
of 9.5 day ha l f - l i fe  and a longer component, presumably of 130 day 

ha l f - l i fe .  These seem t o  be 3nl2l9  ~n~~~~ and ~n~~~~ respectively.  

The other isomer of each mass number was not observed. 

Tellurium.-- Of the  many components i n  t he  te l lur ium decay curve, 

it was possible t o  resolve out only t he  30 hour Te 131m and i t s  8 day 

granddaughter . 
Cesium.-- The predominant a c t i v i t y  i n  t he  cesium f r ac t i on  was t he  

13 day ~ 9 ' ~ ~ .  Aluminum absorption measurements of t h i s  a c t i v i t y  showed 

t h e  charac te r i s t i c  0.3 Mev be ta  energy of ~ s ~ ~ ~ .  Comparison of t h e  

a c t i v i t y  observed through aluminum absorbers and through beryllium 

absorbers indicated s o f t  electromagnetic radia t ion (of t he  order of 

K x-rays i n  t h i s  region) present t o  the  extent  of about 15 percent of 

t h e  par t icula te  radia t ion.  This indicates r e l a t i v e l y  good y i e ld s  of 

neutron def ic ien t  cesium isotopes decaying by o r b i t a l  e lect ron capture. 

Barium.-- Most of the  bombardments were i n t e r r e l a t ed  by measuring 

t h e  amount of 12.8 day ~a~~~ produced, and using t h i s  a s  an i n t e rna l  

monitor. I n  most cases t he  barium was not separated from radium. I n  

t he se  cases, the  sample was counted through enough aluminum absorber 

t o  prevent any alpha pa r t i c l e s  emitted by radium or  i t s  daughters from 

reaching the  counter tube. I n  addi t ion t o  observing i t s  half - l i fe ,  

~a~~~ was iden t i f i ed  by observing the  growth of i t s  40 hour daughter. 

A sample of the radioactive barium was analyzed i n  the  mass spectra- . 
9 

graph. The emulsion s ide  of t h e  col lector  p l a t e  was placed against  t h e  

emulsion of a second p l a t e  and t h e  radioactive species allowed t o  decay 

* 
Hass spectrographic analysis  by F, L. Reynolds of t h i s  laboratory.  
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f o r  a period of about two weeks, Lines on t he  second o r  ntransfern p l a t e  

indicated radioactive barium isotopes of masses 131, 1339 1359 and 140 

i n  comparable y ie lds .  An approximately 1 0  day a c t i v i t y  was observed i n  

a cesium sample separated from a pur i f i ed  barium sample some time a f t e r  

bombardment. 

Although Ba131 has approximately t h e  same ha l f - l i f e  and may be present 

i n  y ie lds  of t h e  same order of magnitude a s  ~a '~ ' ,  the  a c t i v i t y  of 

~ a ~ ~ ~ - ~ s ~ ~ ~  detected by the Geiger tube i s  l e s s  than 1 percent of  t h e  

oorrespon&ng a c t i v i t y  of B ~ ~ ~ ~ - L $ ~ ~  because of the  l a rge  di f ference 

i n  counting e f f ic ienc ies .  

Components of 29 t o  39 hours having soft p a r t i c l e  radia t ion were 

observed i n  t h e  decay curves. These probably represent a mixture of 

~a~~~~ and An 85 minute component, presumably ~a~~~~ was a l s o  

observed. I n  a sample of barium separated from radium on an ion-exchange 

column, the  85 minute, 29 t o  39 hour, a d  12.8 day components were ob- 

served. The posi t rons  of 2 hour ~a~~~ were not observed on a crude beta  

ray spectrometer measurement of the  column separated barium. 

Lanthanum.-- Decw curves showed e s sen t i a l l y  a s ing le  component, 

t h e  40 hour over a period of 8-9 half - l ives .  Decay of t he  

rad ia t ion  which passed through 946 rng/cm2 of beryllium ( t o  block t h e  

p a r t i c l e s  and give other possible electromagnetic radia t ion a more 

favorable counting efficiency r e l a t i v e  t o  gave a curve e s sen t i a l l y  

p a r a l l e l  t o  t h e  curve taken without absorber. Since t h e  f i n a l  separation 

of lanthanum was qot accomplished u n t i l  56 hours a f t e r  bombardment, t h e  

pos s ib i l i t y  of formation of, k c l i d e s  of shor te r  ha l f - l i fe  i n  comparable 

y i e l d  i s  not excluded. 



Aluminum absorption eurves of the  40 hour a c t i v i t y  cmpared c lose ly  

with absorption eurves of the  radia t ions  from the  40 hour p- daughter 

of 13a1400 From t h e  absorption curves, the  counting r a t e  was corrected 

f o r  air and window absorption, and f o r  t h e  contribution of  t h e  electro- 

magnetic radia t ion.  The d i s in tegra t ion  r a t e  was calculated from t h i s  

corrected counting r a t e .  

Calculations based on the  r e l a t i ve  y ie lds  of ~a~~~~ and ~d~~~ 

(explained i n  Section 111) show t h a t  approximately 30 percent of the 

140 t o t a l  mass number 140 yie ld  i s  formed a s  La 

Cerium.-- Decay curves showed components of a p p r o x h t e l y  35 hours 

and approdmately 30 days with a component of intermediate hal f - l i fe .  

1W Analysis of the data indicated ~e~~~ with p r l W  daughter, and Ce 

Decay over a period of about six months indicated t h e  presence of 275 day 

c e l u  

Comparison of t he  number of x-rays emitted by the long l i ved  a c t i v i t y  

wi th  t he  number from ~e~~~ t r a c e r  obtained from slow neutron f i s s i on  of 

uranium indicated t h e  presence of 140 day ~e~~~ i n  our sample. Aluminum 

absorption measurements on the  long l ived  component showed t m  beta com- 

ponents which could be a t t r i bu t ed  t o  celW+ and the 17 minute prl" i n  

equilibrium. 

Praseodymium. - 
aluminum &owed a 1 9  

2 
Observation of t h e  decay through 406 mg/cm of 

hour ha l f - l i fe .  Observation of t h e  decay without 

absorber showed two components, one of 13.5 day ha l f - l i fe ,  t h e  second 

(by subtraction) of ha l f - l i f e  16  t o  19  hours, Aluminum absorption 

measurements on t h e  19 hour a c t i v i t y  showed hard beta rad ia t ion  of 2.3 Mev 

energy and indicated a sof t  component of about 0.6 Mev energy i n  about 
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20 percent abundance. After decay of t he  1 9  hour a c t i v i t y ,  aluminum 

absorption measurements of t h e  13.5 day a c t i v i t y  showed a pa r t i c l e  of 

0.92 Mev maximum energy. On t h e  b a s i s  of t h e  decay and absorption measure- 

ments, it was coqcluded t h a t  prl@ and ~r~~~ were both present i n  good 

y i e ld .  

~r~~~ i s  a shielded nuclide; consequently, i t s  independent y i e ld  was 

obtained d i r ec t l y .  The independent y ie ld  of prlb3 was obtained by removal 

of t h e  33 hour ~e~~~ parent from the ra re  ea r th  group within  two hours 

a f t e r  bombardment. From t h e  y i e ld  curve ( ~ i g u r e  1 )  it i s  expected t h a t  

the  t o t a l  y ie ld  of products of mass number 143 w i l l  be l e s s  than t h e  

t o t a l  y ie ld  of products of mass number 142. Since i n  t h e  case of these 

two isotopes  t he  r a t i o  of the y i e ld  of  ~r~~~ t o  t ha t  of pr14* was about 

1.7, the  p r l W  represents a g r ea t e r  f r ac t i on  o f  t h e  t o t a l  mass number 

143 y i e ld  than the P&'@ does of i t s  t o t a l  mass number y ie ld .  This indi-  

c a t e s  t h a t  whereas t he  most probable primary charge fo r  a given mass i s  

on t h e  neutron excess s ide  f o r  i sotopes  of t h e  l i g h t e r  elements, t h e  

t r end  i s  f o r  t he  most probable primary product t o  be much c loser  t o  

s t a b i l i t y  f o r  t h e  higher mass chains. 

EJeodymiurn.-- Observation of the  decay through 407 mg/cm2 of beryll ium 

( s u f f i c i e n t  t o  block the  beta p a r t i c l e s  of Nd 147) showed two components . 
147 Af t e r  subtraction of the 11 day  t a i l  due t o  t he  gamma ray of Nd , a 

3.3 day decay was  found. This i s  due t o  t h e  a c t i v i t y  assigned t o  Nd 140 

by Wilkinson and ~ i c k s  . 23 Decay measurements without absorber showed 

t h e  11 day h a l f - l i f e  of ~d~~~ f o r  over three  half - l ives .  Aluminum ab- 

sorpt ion curves showed the  cha rac t e r i s t i c  be ta  p a r t i c l e  energy of Nd 147. 

Since l e s s  than 2 percent of t h e  i n i t i a l  t o t a l  a c t i v i t y  could be a t t r i b u t e d  



t o  ~d '~ ' ,  t h i s  a c t i v i t y  d id  not i n t e r f e r e  and was not characterized by 

absorption. I t s  counting eff ic iency was calcula ted from the  da ta  of 

Wilkinson and Hicks. 23 

Calculations based on t h e  r e l a t i ve  y i e ld s  of ~a~~~~ ~ a " ~ ,  and Nd 140 

show t h a t  approximately 7.5 percent of t h e  t o t a l  mass 140 y ie ld  i s  f o ~ n e d  

Promethium.-- Decay was observed both without absorber and through 

149) 485 mg/cm2 of aluminum ( su f f i c i en t  t o  block the  beta p a r t i c l e s  of Pm . 
The decay without absorber showed components of approximately 13 hours, 

of  47 hours, and of about 43 days. Decay of t h e  rad ia t ions  transmitted . 

through t h e  absorber showed components of 47 hours ( t h e  garma r ay  of 

d 4 9 ) ,  5.3 days, and 43 days. Of t h e  a c t i v i t i e s ,  only t he  47 hour d49 
and the  5.3 day h148 have been assigned. A 12.5 hour promethium a c t i v i t y  

has previously been reported, but no mass assignment was given. The 

43 day a c t i v i t y  represents  a previously unreported nuclide.  

Absorption of t h e  radia t ions  of the 47 hour a c t i v i t y  &owed a s ing le  

be t a  component of about 1.1 Mev energy. This i s  t h e  reported maximum 

energy f o r  t he  be ta  pa r t i c l e s  of PmlG9. Af t e r  decay of the  47 hour and 

5.3 day components, absorption measurements of the 43 day a c t i v i t y  were 

made. Aluminum absorption showed two be t a  components of energies about 

O,5 Mev and about 2.3 Mev. The hard component was prLsent t o  only 

5 t o  1 0  percent abundance. The sample was a l so  measured on a crude be ta  

ray  spectrometer vhich showed (from a Fermi-Kurie p l o t  of the  da ta )  

$- components of 0.6 and 2.4 Mev. The electromagnetic background of t h e  

aluminum absorption curve was of the  order o f  3 percent. After  blocking 

t h e  par t i cu la te  Padiation with beryllium absorber, t h e  electromagnetic 
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component was absorbed i n  copper. No K x-rays of neodymium (which have a 

2 half-thickness of 165 mg/cm i n  copper) were observed. Absorption of t he  

electromagnetic radia t ion i n  l e ad  showed a half-thickness of 7.5 g/cm:! 

which corresponds t o  a gamma ray  of approximately 0.9 Mev energy. 

The y i e ld  of t h e  shielded F d 4 *  i s  only about 1 percent of t h a t  f o r  

the ~m~~~ which represents  the t o t a l  $- chain f o r  i t s  mass. The y i e ld  

of t h e  43 day promethium i s  about 1 0  percent of t ha t  f o r  Pm 149e On t h e  , 

bas i s  of yield and t he  f a c t  -that t h i s  a c t i v i t y  was not reported forqed i n  

slow neutron f i s s i o n  or by ~ d ' ~ ~ ( n , ~ )  o r  ( ~ , n )  reaction,  a t en t a t i ve  

assignment of t h e  43 day a c t i v i t y  to  Pm146 is  made. 

Samarium .-- The samarium decay showed components of about 10 hours 

and of 47 hours, the  47 hour csmponent being qu i te  prominent. After  

decay of t h i s  a c t i v i t y ,  a 15-16 day l i n e  was observed. Aluminum absorption 

measurements of t h e  47 hour a c t i v i t y  indicated a beta p a r t i c l e  of about 

0.8 Mev energy. I n  t h e  absorption measurements t h e  2.4 EPev $- of Eu 156 

was  a l so  observed. 

The pr inc ipa l  a c t i v i t i e s  found i n  the  samarium f r ac t i on  were thus  t h e  

47 hour ~m~~~ and the  10  hour with i t s  15.4 day d56 daughter. 

The yie ld  of smlS6  r e l a t i v e  t o  was only 27 percent.  The yie ld  of 

156 ~m~~~ represents t h e  e n t i r e  $- chain f o r  mass 153 whereas Eu i s  ex- 

pected t o  be a l a r g e  contributor t o  t h e  mass 156 y i e ld .  

Europium.-- The pr incipal  europium a c t i v i t y  seen was t h e  15.4 day 

156 Aluminum absorption shoved t h e  cha rac t e r i s t i c  2.4 Mev 8- of Eu . 
Terbium.-- The terbium decay curve resolved mughly i n t o  two com- 

ponents, the longer  of whi 'had a h a l f - l i f e  of 74 days. The shor ter  T 
component was a mixture of  a c t i v i t i e s  with hal f - l ives  between 5 and 7 days 



and a shor ter  one. Decay was observed without absorber and a l s o  through 

183 mg/cm2 of beryllium ( su f f i c i en t  t o  block t h e  0.5 Mav p- p a r t i c l e s  of 

After  subtract ion of t h e  74 day rcsidium, the  decay through 
* 

beryllium showed strong indicat ion of a' '5.1 day a c t i v i t y .  The decay 

observed without absorber showed a mixed a c t i v i t y  with a 6,8 day a c t i v i t y  

predominating a f t e r  subtraction of t h e  74 day c ornponent , These obmrvations 

ind ica te  t h e  formation of ~ b l "  and 'Pb1619 and the probable formation of - 

156 and , 
I n  t h e  terbium f rac t ions  separated 1 2  t o  1 4  hours a f t e r  bombardment, 

t r a c e s  of a lpha  a c t i v i t y  were observed. A sample submitted t o  Mr. J. 0. 

Rasmussen for  alpha pulse ana lys i s  showed alpha energy and decay corre- 

149 spondfng to 4.5 hour Tb 

Dysprosium,-- The chief  component observed i n  t h e  dysprosium decay 

was the 80 hour D $ ~ ~ ~  A long l i ved  a c t i v i t y  was a l s o  observed, but it 

was not possible t o  determine i t s  ha l f - l i fe .  Aluminum absorption measure- 

ments on t h e  equil ibrium mixture showed t h e  0.4 Mev be ta  p a r t i c l e  of 

D $ ~ ~  and t h e  1.9 Mev be ta  p a r t i c l e  of the daughter. 

Calculations based on t h e  r e l a t i v e  y ie lds  of D $ ~ ~ ,  ~0~~~~ and Yb 166 

( see  Section 111) ind ica te  t ha t  2.54 percent of t h e  t o t a l  mass 166 y ie ld  

166 i s  formed a s  Dy 

Holmium.-- The major component observed i n  t he  holmium decay was t h e  

27 hour ~o~~~~ The decay w a s  followed through eight hal f - l ives .  The, 

a c t i v i t y  remaining a s  long l ived  component was l e s s  than 0.02 percent 

o f  the  ~o~~~ a c t i v i t y  present a t  end of bombardment. Aluminum absorption 

166 
measurements &owed t h e  approfimately 1.9 Mev be ta  energy of Ho ., 

The 7 day a c t i v i t y  present ly  assigned t o  ~o~~~ was not observed i n  our ,' 



h o h i m  sample 18 s ~sao lvabTs  mount,  This may frzdlLcate t h a t  t h e  7 day 

162 holmi.um i s shfsided, a,& hence should be assfgned %a Ho ., 

Calculations based m t he  relative yields of  D~~~~~ ~o~~~~ and Yb 166 

166 ind ica te  t h a t  4.7 percent of t h e  t o t a l  mass 166 y ie ld  i s  fa rmeu a s  Ho 

Erbium,-- 'Phe erbium sample f i r s t  showed growlh9 which was i den t i f i ed  

a s  a  holmium act ixdty  f rsm t h e  pla t  of the  radioassay data  (see Appendix I, 

Recovery and Chemical Yield of  Rare ~ a r t h s ) .  The samples of eolurnn e l u t r i a n t  

containing erbium c a r r i e r  showed a  grow%h of" a c t i v i t y  while those samples 

taken a f t e r  e lut ion o f  the  erbium but before e lu t ion  sf the  holmium c a r r i e r  

showed rap id  decay. Thi a indicated a new erbium a c t i v i t y  decaying by 

o r b i t a l  electron capture and/or positron emission to a  shor t  l ived  holmium 

a c t i v i t y ,  Decay was observed d t h o u t  absorber and a lso  through 99.7 mg/& 

of beryllium (to block t he  beta pa r t i c l e s  of ~ r ~ ~ ~ )  Two new a c t i v i t i e s  

were absemed i n  t h e  decay of a c t i v i t y  transmitted through absorber; one 

of about 17 hour ha l f - l i f e  and the  other  of 65 hour ha l f - l i f e .  The decay 

without absorber &owed a mixture of these aetivi%Pes and a  component 

169 of 9.4 day, the Es 

The g r d h  obsemed corresponded t o  a 4,5 h o w  ha l f - l i fe  f o r  the  

daughter a c t i v i t y .  The holmium of t h i s  ha l f - l i fe  i s  assigned 

t o  ~o~~~~ The new erbium a c t i v i t i e s  are probably Er 1609161 and Er 163 . 
The data a r e  not suf f ic ien t  t o  match the a c t i v i t i e s  t o  de f in i t e  mass 

numbers. 

Thu1im.- Decsy measurements *without absorber showed an approximately 

1 0  day a c t i v i t y  p~sixinently,  Observation of t he  decay through approxi- 

mately 40 rng/wn2 of alwninm and through approxha te ly  60 rng/cm2 of 

beryllium emphasized an a c l f a i t y  of tw t o  t h e e  days ha l f - l i f e .  These 
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absorbers blocked t h e  conversion electrons of  9.6 day d670 The 9.6 day 

a c t i v i t y  was masked t o  such an extent by t h e  absorbers t h a t  it was not 

resolvable graphically from t he  shor ter  a c t i v i t y .  Since an a c t i v i t y  on 

t h e  neutron def ic ien t  s ide  of s t a b i l i t y  i n  t h i s  region would be expected 

t o  have about the  same counting efficiency a s  t h e  9.6 day it i s  

f e l t  t h a t  the  two t o  t h r e e  day a c t i v i t y  represents  a negative be t a  tran- 

172 s i t i o n ,  possible Tm 

Ytterbium.-- The fiterbium decay curve showed components o f  32 days 

and 62 hours. The sample showed growth corresponding t o  a 7.7 hour 

daughter a c t i v i t y .  The samples of column e l u t r i a n t  containing ytterbium 

c a r r i e r  showed t h i s  growth of a c t i v i t y  & i l e  those samples taken a f t e r  

e lu t i on  of t h e  ytterbium bu t  before e lut ion of  t h e  main body of thulium 

showed a decay o f  about e igh t  hours ha l f - l i fe .  The new ytterbium a c t i v i t y  

i s  thus &own to decay t o  a thulium a c t i v i t y ,  From the  observed growth 

and an estimate of t h e  time of separation from thulium, the  counting 

e f f ic iency  of t h e  ytterbium parent was found t o  be small compared t o  

t he  thulium daughter. On t h e  basis of t h e  assignment o f  t h e  7.7 hour 

166 
thulium activity25 t o  Tm , the  new 62 hour ytterbium a c t i v i t y  i s  

166 assigned t o  Yb a 

Aluminum absorption measurements on the 62 hour a c t i v i t y  showed 

t h e  presence of conversion e lect rons ,  a hard beta  pa r t i c l e ,  and electro- 

magnetic radia t ion background. The r e l a t i v e  abundance of elect rons  and 

hard beta pa r t i c l e s  ( 2  Mev) compared favorably with those reported f o r  

t h e  pa r t i c l e s4  from !d66. Beryllium and co per-beryl l ium absorption 

measurements of t h e  32 day a c t i v i t y  showed elect rons  , x-rays, and gamma 

rays comparable t o  some of those reported f o r  32.5 day Yblb9* Ninety-nine 
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hour Yb175 was not  detected e i t h e r  by decay o r  absorption measurements. 

I sobar ic  chain y i e ld  calcula t ions  indicated t h a t  13.5 percent of 

t he  t o t a l  y i e ld  of mass 166 was formed a s  ~ b ~ ~ ~ .  The most probable primary 

charge f o r  t h e  nuclide of t h i s  mass i s  Z = 71. 

C . Tabulation of Observed Yields 

The yie lds  of se lected f i s s i o n  pmducts measured r e l a t i v e  t o  t he  

y i e l d  of Ba14' (and i t s  precursors)  a r e  given i n  Table I below. By 

def in i t ion ,  the  r e l a t i v e  yie ld ,  YR, of Ba140 (including i t s  precursors) 

i s  1.00. 

Formation c ross  sections were measured f o r  a number of nuclides 

including t h e i r  precursors ( i . e  . , t o t a l  chains).  By means of these  , 
the  r e l a t i v e  y i e ld  values (5 = 1.00 corresponds t o  o = 23.5 mb) given 

i n  Table I below were converted t o  formation cross sec t ion  values. 

In tegra t ion  of the  y ie ld  versus mass curve (Figure 1 )  i n  terms of the  

formation cross sect ions  ind ica tes  a t o t a l  f i s s i o n  cross section of 

2.0 barns f o r  uranium with 340 t o  350 Mev protons. 
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Table I 

Rela t ive  Yield of Fission Products ( ~ d - 4 ~  = 1.,00) 

" Mass Nuclide Measured class* 
Number 

*Class 1 Independent y ie ld  o r  shielded nuclide 
Class 2 Approlcimately total yie ld  of mass number 
Class 3 P a r t i a l  y i e ld  o f  mass number 

+W. W. Meinke, G. C ,  Wick, and G.  T. Seaborg, Universi ty 
of California Radiation Laboratory Report uC&-868 (Sept. 26, 1950). 



A .  Introd : ~ ~ t i 3 n  

A s  mentioned i n  the introducti.cn ( e f  page 4) i den t i f i c a t i on  of 

t he  charge of the  f iss ioning nucleus depends upon the  determination of 

t h e  primary f i s s i on  products. An experimental attempt has been made 

here t o  measure the independent y i e l d s  of various members of each of 

severa l  reference mass chains. The nuclide whcse y i e ld  corresponds t o  

the  maximum of the curve obtained by p lo t t ing  t h e  independent y i e ld  a s  

a funct ion of atomic number fo r  a given mass number i s  defined t o  be 

the  primary product f o r  t ha t  mass number. I n  p rac t ice  i t  is usual ly  

qu i t e  d i f f i c u l t  experimentally t o  measure d i r e c t l y  t h e  independent y i e ld s  

f o r  all of t h e  members of a given mass chain. Those independent y ie lds  

which have been measured experimentally a re  l i s t e d  i n  Table I1 below, 

The y ie lds  of t h e  measured members fu r the s t  from s t a b i l i t y  f o r  any 

chain include t h e  y i e ld s  of t h e i r  precursors, except i n  t h e  ease of a 

shielded nuclide,  

B. Experimental Techniques 

O f  the  several  techniques used i n  measuring independent y ie lds ,  

t he  choice depends upon t h e  half - l ives  and t h e  r e l a t i v e  d i f f i c u l t y  of 

the  separation chemistry f o r  t he  species sought. For example, consider 

the  chain of mass 111: 

Pd 111 p- 1 p- > cdlll 
' A g  7 .5day  26 min 

The uranyl n i t r a t e  t a rge t  was bombarded f o r  2,O minutes, fused, poured 

i n to  a dissolver  solut ion containing a known quant i ty  of sf l ve r  c a r r i e r  
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and some palladium t~holdbaclP agent, and t h e  solution divided i n t o  two 

por t ions .  From one portion, s i l v e r  chloride was immediately precipi-  

t a t e d  t o  separate from palladium. 

Table I1 

Independent and Isobar ic  Yield Data 

Mass Nuclide Relative Estimated Fraction 
Number Measured Yield " of Total  Chain 

This separation was accomplished within three  minutes a f t e r  t h e  end 

of t h e  bombardment. The other port ion w a s  allowed t o  s tand u n t i l  the  

26 minute pdlll had all decayed t o  A~'". !The s i l v e r  f r ac t i ons  were 
--?- 

then pur i f ied separately.  From the i n .  t ial  s p e c i f i c  a c t i v i t y  of the 

s i l v e r  obtained i n  the two cases and t h e  known ha l f - l ives  of the  two 

species, it was  possible t o  calcula te  from the  in tegrated decay equations 

t he  independent y ie ld  of A&" and the y ie ld  of pdlll p lu s  its precursors. 

An example of another type of treatment i s  afforded by the  chain of 

mass 140: 

140 
- 

B a  > La 140 B- , Ce140 . 
i2.8 day 40 hour 
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Since the  a c t i v i t i e s  involved a r e  r e l a t i v e l y  long, a one hour bombardment 

could be used. Separation of t he  two species  was accomplished within 

one t o  two hours a f t e r  bombardment. Af te r  pur i f i ca t ion  of t h e  two frac- 

t i o n s  and counting of t h e  radioactive samples, t h e  observed y i e l d  of 

~a~~~ was used t o  cor rec t  t he  ~ a l 4 O  a c t i v i t y  f o r  t h a t  port ion which had 

grown from barium during bombardment and before separation of t h e  species. 

I n  t h i s  way the independent y ie ld  of ~a~~~ was obtained. 

I n  cases where t h e  independent y i e ld  of daughter a c t i v i t y  i s  small 

r e l a t i v e  t o  t h e  parent ,  precautions must be taken t o  minimize t h e  amount 

of contribution f rom' the  parent i n  t h e  i n i t i a l l y  separated sample of 

daughter a c t i v i t y .  This may be done by reducing the  bombardment time, 

minimizing t h e  time elapsed from end of bombardment t o  i n i t i a l  separation 

of t h e  desired a c t i v i t y ,  and developing a spec i f ic  separation procedure 

which i s  rapid and e s sen t i a l l y  complste i n  one operation.  

Independent y i e l d s  of "shieldedt1 nuclides may be measured d i r e c t l y  

s ince  t he  a c t i v i t y  could not  grow from t h e  neighboring isobars  which 

a r e  s t ab l e .  

C . In te rpre ta t ion  of the Data 

I n  order t o  i n t e r p r e t  t h e  data  obtained f o r  independent y ie lds ,  

t he  assumption i s  made t h a t  t h e  independent y ie lds  of t h e  various isobars  

of a given decay chain a r e  d i s t r ibu ted  symmetrically about some part icu- 

l a r  Z i n  a manner which can be well approximated by t h e  normal curve 
-E 

of e r ror ,  using su i tab le  parameters t o  ad jus t  t h e  half-width and peak ----- -.-- -- ---. 
++ 

A s imi la r  assumption was used by Glendenin, Coryell, and Edwards 26 
i n  the  development of t h e i r  hypothesis of Equal Charge D i s  lacement f o r  5: primary f i s s i o n  fragments from slow neutron f i s s i o n  of ~ 2 3  and pu239. 
However, the  approximation proposed above i s  not dependent upon t h e  Equal 
Charge Displacement hypothesis (which, from t h e  experimental da ta ,  does 
not  appear t o  hold f o r  the  type of f i s s i o n  discussed i n  t h i s  paper). 
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height of such a d i s t r ibu t ion  curve t o  the  experimental r e s u l t s  obtained. 

A descr ipt ion of t he  mathenatieal method of f i t t i n g  t h e  normal curve of 

e r r o r  t o  such data i s  given' i n  Appendix 11. 

It w i l l  be seen from Appendix I1 t h a t  three experimental data a r e  

necessary and su f f i c i en t  t o  e s t ab l i sh  t h e  constants of the curve. We 

can therefore  obtain same Ldea of  t h e  v a l i d i t y  of t h e  basic  assumption 

by studying t he  independent y i e ld s  i n  chains containing more than three  

members. Po t en t i a l l y  su i tab le  chains a r e  those of rmsses 166, 141, 111, 

and 72, each chain containing four measurable members. 

I n i t i a l  s e t s  of t h r ee  experimental data have been obtained f o r  

t h e  chains of mass 140 and mass 166. The decay schemes of these chains 

a r e  shown i n  Figure 2. Figures 3 ard 4 show t h e  standard-curve-of-error 

histograms f o r  the  mass 140 and mass 166 chainss respectively.  The 

parameters f o r  these  curves a r e  tabula ted i n  Table 111. 

Table III 

Parameters fo r  Standard Curve of Error fo r  Isobar ic  Yield Data 

c Standard zC/A 
Deviation 

mass140 57 1 .9  0041 

mass 166 71 2 + 7 0.43 

It i s  apparent t h a t  i f  one could predict  the parameters of these  

charge-distribution histograms a s  functions of the  chain mass number, 

it would be possible t o  derive correction factors  fo r  each mass number 

t o  give the t o t a l  chain y ie ld ,  including s tab le  nucl ides ,  i n  terms of 



t h e  y ie ld  of  any nuclide of the  chain. The rough es t imates  of t o t a l  chain 

y i e ld s  given i n  Table I1 were made on t he  bas i s  of t h e  few data  present ly  

ava i lab le .  

IV . SPALLA TI ON PRODUCTS 

A .  Introduction 

The work of O f  Gonnor and seaborg4 on t h e  bombardment of uranium 

with 380 Mev helium ions showed t h a t  the re  was apparently a continuous 

y i e ld  of radioact ive  products f o r  the e n t i r e  range of elements from the 

uranium region down t o  the  v i c i n i t y  of atamic number 25. Above mass 120 

t h e  y ie ld  o f  f i s s i o n  products decreased with increasing mass number. 

I n  t h e  region above mass 200 the  yie ld  curve was observed t o  increase 

with increas ing mass. This increase  was a t t r ibu ted  to  products formed 

by high energy spa l la t ion  of uranium. The yie ld  of products found i n  

t he  region of t h e  minimum of the  curve might be a t t r i b u t e d  t o  a c o a i -  

nat ion of f i s s i o n  and spa l l a t i on  reactions.  That f i s s i o n  can occur 

i n  such a manner a s  t o  give products of such high mass was shown by 

t h e  observation of e omplementary product nucle i  of low mass. 

I n  t he  present work it was observed t h a t  the primary f i s s i o n  

products tend toward the  neutron def ic ien t  side of s t a b i l i t y  with in- 

I creasing mass number as was found for bismuth f i s s i on .  However, i n  

t h e  region of mass 180 t o  200, several p- emitting nucl ides  have been 

observed. These a re  a t t r i bu t ed  t en t a t i ve ly  t o  spa l l a t i on  react ions .  

B. Results 

Hafnium.-- The pur i f ied hafnium f r ac t i on  showed a negative be ta  

a c t i v i t y  having an energy of about 0.4 Hev and long l i f e .  This a c t i v i t y  



has been a t t r ibu ted  t o  ~ f l * ' .  

Osmium.-- Decay of t h e  osmium f r a c t i o n  showed a component of about 

193 32 hours ha l f - l i f e  which was a t t r i b u t e d  t o  0s  . 
Gold.-- - The decay of the gold sample gave indicat ion of the 1 4  hour 

and 5.6 day isomers of ~ u ~ ~ ~ *  An intermediate a c t i v i t y  was observed 

which seemed t o  be a mixture of ~u~~~ ard A U ~ ~ ~  ( 2.7 day and 3.3 day, 

respect ively  ) . Aluminum ab so rpt ion measurement on t h i s  a c t i v i t y  showed 

a beta energy of about 1 Mev and a s o f t e r  component whose energy was 

not determined. 

Radium.-- Decay of t he  radium samples was followed by both Geiger 

counter measurements and alpha p a r t i c l e  counting, From t h e  decay curves 

and pulse ana lys i s  of t he  alpha a c t i v i t y ,  radium isotopes  of mass 223, 

224, and 225 were i den t i f i ed ,  A new Geiger counter a c t i v i t y ,  having a 

ha l f - l i f e  of the  

radium f r ac t i on .  

of both. 

Actinium.-- 

&f a short-lived 

order one t o  two hours, was observed i n  t he  separated 

This a c t i v i t y  might be from ~ a ~ ~ ~ ,  ~a~~~~ o r  a mixture 

The formation of ~c~~~ was indicated by the presence 

thorium alpha a c t i v i t y  eluted from an ion  exchange 

r e s i n  column some 20 t o  30 hours a f t e r  bombardment. The a c t i v i t y  was 

i den t i f i ed  as thorium by i t s  elut ion cha rac t e r i s t i c s .  

V . DISCUSSION 
From examination of  the  da ta  herein  presented, a few'marked trends 

a r e  observed. Almost a l l  of the  low mass nuclides iden t i f i ed  were of 

the  neutron excess type. A s  higher mass numbers were approached, neutron 

def ic ien t  nuclides increased i n  r e l a t i ve  abundance of formation. 
b 
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However, i n  the spal la t ion region, which merges with the region of heavy 

f i s s i o n  fragments i n  the  v ic in i ty  of mass number 180, neutron-excess 

nuclides again predaminat e , 

Let us  consider a nuclide formed by high energg spa l la t ion  of a 

~~3~ nucleus, t h i s  nuclide having an amount of in t e rna l  energy much 

i n  excess of the f i s s ion  threshold. This e n e r a  may be dissipated i n  

one of three d i f fe rent  ways: it may i n  part  be used t o  cause f iss ion,  

any excess being carr ied off by the  f i ss ion  fragments, by par t ic le  

emission, or by radiation; it may be dissipated as radiation, the  nuclide 

i n  question descending t o  a nonfissioning ground s t a t e ;  or it may be 

carr ied of f ,  i n  part  o r  ent i rely,  by an emitted nucleon o r  composite 

par t ic le ,  such as an alpha pa r t i c l e  or a deuteron, leading t o  a dif-  

ferent  nuclide which again may undergo one of these three  changes. The 

mechanism involved probably compares more closely t o  t h e  case fo r  " fas t  

1 f i ss ionm of bismuth than to t he  so-called ftalow fissionti  of u~~~ induced 

by thermal neutrons. 

I f  we represent a l l  the possible nuclides as  points on a plane 

with coordinate axes Z and A-Z, then the various spal la t ion and f i s s ion  

products possible from uZ3' with protons w i l l  a l l  f a l l  within that  

portion of the  f i r s t  quadrant of t h i s  plane having Z 4 93, A-Z ,< 146. 

Normalizing the t o t a l  probability of f i ss ion  t o  unity, the  various 

p a r t i a l  f i s s ion  probabi l i t ies  of t h e  nuclei ly ing  within the fissioning 

region can be described by a contour map. The contour l i n e s  are the 

l o c i  of points of equal pa r t i a l  f i s s ion  probability. The f i ss ion  

product yield curve may be plotted i n  a similar manner on the  same 

I , . % , .  
, . 

" I "  ) , 
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char t  (see  Figure 5) .  The dotted l i n e s  of slope -1 represent i sobar ic  

cha.ins. The independent y ie ld  of t h e  msn3ers of these  c h a i ~ s  as a, 

function of Z i s  given by the  value of t he  contour l i n e  in tersected f o r  

each Z .  

The contour representation of f i s s i o n  product y i e ld s  o f f e r s  a 
I 

c r i t e r i o n  f o r  es tabl ishing the charge t o  mass r a t i o  of the pri imry 

f i s s i o n  products. I f  the charge to mass r a t i o  is  constant, a s  i n  t h e  

case f o r  bismuth fission, '  the curve connecting the  points of maximum 

r e l a t i v e  yie ld  f o r  a given mass number ( i  .e., the so-called "ridge l ine r1)  

w i l l  be a s t r a igh t  l i n e .  Although the  present data a r e  not conclusive, 

the re  i s  a def in i te  suggestion ( c f ,  Figure 5) t h a t  the  nridge l ine"  

i s  not s t r a igh t ,  i .e., Z/A is  not constant  f o r  the f i s s i on  products. 

(Analysis of t he  i sobar ic  charge d i s t r i bu t i on  curves, cf . Section 111, 

i nd i ca t e s  t h e  same r e s u l t  .) I f  t h i s  phenomenon i s  r e a l ,  one .would 

.expect a d i s t r ibu t ion  of f i s s ion ing  nuc le i  ra ther  than  a s ing le  dominant 

f i s s ion ing  species. 

We may assume t h a t  the shape of the fissioning-nucleus contour map 
t 

i s  markedly energy-sensitive. Let us fu r the r  assume t h a t  the f iss ion-  

fragment y ie ld  d i s t r i bu t i on  i s  uniquely determined by t he  f iss ioning-  

nucleus d i s t r ibu t ion .  Some qua l i t a t i ve  predic t ions  of the behavior of 

t h e  f i  ssion-f ragment y ie ld  curve with var ia t ion  of bombarding energy 

may then be made. 

The mo st obvious e f f ec t  of increas ing the  bombardment energy w i l l  

be t o  increase the  number of intermediate spa l la t ion  products leading 

* 
I n  t he  f igure ,  the  bombardment product f i s s i o n  probabi l i ty  contours 

(upper r i gh t  corner of Figure 5 )  a r e  hypothetical; t h e  f i s s i on  product 
y ie ld  contours a r e  expressed r e l a t i v e  to (including its precursors) = 1,O. 
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8 t o  f i s s i on ,  since Douthett has shown t h a t  excess bombarding energy does 

not  appear a s  k ine t ic  energy of the fragments. This w i l l  lead t o  a 

lower average mass f o r  t he  "fissioning nucleusYtt with i t s  concurrent 

e f f e c t  of lowering the  mass of t h e  f i s s i on  fragments which have t h e  

maximum yield .  Also, should neutrons be evaporated from the  excited 
. .  

nuclides i n  preference to protons o r  o ther  charged p a r t i c l e s ,  as seems 

l i k e l y ,  the charge-to-mass r a t i o  of t h e  average f i s s i on ing  npcleus, and 

hence of i t s  fragments, should be increased. It i s  thus  expected t h a t  

a t  high energies t he  nuclides c loser  t o  s t a b i l i t y ,  o r  even on the  

neutron de f i c i en t  side,  should appear i n  g rea te r  r e l a t i v e  abundance, 

a s  i s  ac tua l ly  observed. 

The formation of (3u61 (neutron de f i c i en t )  and ~u~~ (&ielded)  as 

f i s s i o n  products with y ie ld  of t h e  order of magnitude of C U ~ ~ ,  i n  t h e  

region &ere t h e  formation of neutron excess nuclides i s  expected t o  

predominate, suggests t h a t  there i s  an e f f ec t i ve  mode of f i s s i o n  d i f -  

f e r i n g  from t h e  simple symmetric binary f i s s i o n  discussed above. If a 

l a rge  number of neutrons were evaporated from t h e  excited t a r g e t  nucleus, 

an energet ical ly  favorable t e rnary  f i s s i o n  mechanism could l e ad  t o  t h e  

observed copper isotopes.  The high y ie ld  of ~ a ~ 4  r e l a t i v e  t o  t h e  

extrapolated smooth curve (Figure 1) may a l s o  point i n  t h i s  d i rec t ion .  
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General Chemical ~ rocedu re s "  

Sodium.-- The uranium t a r g e t  was dissolved i n  n i t r i c  acid containing . 

a known amount of sodium ion  as ca r r i e r .  The uranium was extracted in to  

a trolutfon of t r i b u t y l  phosphate i n  bensene. After  bo i l i ng  the  aqueous 

phase to reduce i t s  volume, strontium and barium n i t r a t e s  (carrying 

radium) were precipi ta ted from fuming n i t r i c  acid .  The excess n i t r i c  

acid was removed and s i l v e r  chloride and manganese dioxide p rec ip i ta ted ,  

The supernatant was boiled t o  dryness with hydrochloric acid.  The 

residue was taken up i n  water and barium su l f a t e  p rec ip i ta ted .  From 

the  supernatant, sodium zinc  uranyl ace ta te  was prec ip i ta ted .  Thfs 

prec ip i t a t e  was dissolved i n  6 M hydrochloric acid  and sodium chloride - 
prec ip i ta ted  from isopropyl alcohol sa turated with hydrogen chloride 

gas. The p r ec ip i t a t e  was dissolved i n  0.2 N hydrochloric a d d  and the  

members of t he  ac id  su l f ide  group precipi ta ted by passing i n  hydrogen 

su l f ide  gas. The solution was made a lkal ine  with amnonium hydroxide 

and hydroxides and stileides precipi ta ted.  The supernatant  was evapo- 

ra ted  t o  near dryness and the  residue taken up i n  0.2 3 hydroehlorfe 

a d d .  Sodium zinc  uranyl a ce t a t e  was precipi ta ted and then sodium 

chloride as above. This p r ec ip i t a t e  was  taken up i n  perchlorfc w i d o  

potassium, rubidium, cesium and ruthenium ca r r i e r s  added, and the  

so lu t ion  fumed t o  small volume. The solut ion was c h i l l e d  and iaopropyl 

alcohol added. After centrifuging and discarding. the  insoluble per- 

chlorates ,  t he  supernatant was sa turated with hydrogen chloride gas 

8 -I.". 
:-I 

Many of these  Procedures a m  modifications o f  &ocedares devefcrped 
on the  Plutonium p?ojectp and by t h e  c)-mm$st~ $ P ~ u p  of t h e  Rad.iirtion 
Laboratory a t  ~ e r k e l ~ .  28 - i ? p r " Y - ,  2 

=I 1 .  , (1:. = . 



Kangaiese,-- Fmm a miric acid so lu tmn  sf t h e  t l rar .m target 

containing mngmese carrier,  manganese dioxide was  precipi ta ted by 

t h e  addi t ion ~f potassium brorclte, The precfpi%ate  was dissolved ir; 

d i l u t e  n i t r i c  a d d  contaf ning hjdrogen peroxide, Conceritrated n i t r i c  

a d d  was added a d  '&he mnganese oxidized t o  permnganate by t h e  

addi t ion of sodium?; bismuthate, After centrirfuging t o  bring down the  

excess bismuthate ( fnsoiuble) ,  the supernatant was decanted and t h e  

pemmgtinaie reduced by t h e  addi %f on o f  osralic ae5d0 S i l ve r  chlor ide  

was precipi ta ted %o remove any a d d  insoluble compounds not brought 

down on the  excess sodium bismu%ha%e, The supernatant wa.s d i lu ted 

and members o f  the  acid  su l f i de  group were p rec ip i ta ted  by the addi t lon 

of hydrogen su l f ide  gas, The supernatant was made b a s i c  and manganous 

. su l f ide  precipi ta ted,  The a l f i d e  was dissolved i n  n i t r i c  a c i d  and 

t h e  fcregoing proeedum repeated f o r  add i t iona l  pupifreat ion,  A f t e ~  

dissolving t h e  su l f ide  f m m t h i s  second cycle, manganese dioxide was 

precipi ta ted and t h e  manganese deterQ&ned by weighing ,a.s 0 after 9 4  
ign i t ion .  

ma-- I ron  ea rp ie r  in an aqua re& soiutfon of %he target 

(containing t h e  miainrrn mount of n i t r i c  ac id )  was 'boilad with eoncen- 

t r a t e d  hyarcchlol-ics scii-r t o  remove most of t h e  r i i t r a te ,  The material  

w a s  taken up irr 9 N h ~ d ~ o c R 1 0 r i c  acid =d t he  i r o n  extracted i n t o  

di-fsopmmrl e ther .  b f t a r  %horoughly wsshing the  e the r  l ayer  wi th  
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7.5 - N hydrochloric acid, the i r on  was re-extracted i n t o  water. The 

aqueous solution was ac id i f i ed  t o  1 - N hydrochloric a c i d  and antimony 

and te l lur ium sulf ides  precipi ta ted.  Fe r r i c  hydroxide was prec ip i ta ted  

w i t h  ammonia gas using barium and strontium flholdbackn agents. The 

p r ec ip i t a t e  was  dissolved i n  hydrochloric ac id ,  ruthenium c a r r i e r  added, 

and the solut ion f'umed with perchloric ac id .  Ferr ic  hydroxide was 

reprecipi ta ted with ammonia and dissolved i n  n i t r i c  a c id .  Niobium 

oxala te  complex was added a& niobium pen todde  prec ip i ta ted .  Barium 

s u l f a t e  and s i l v e r  iodide were a l so  precipi ta ted t o  remove radioact ive  

impurit ies.  Fer r ic  hydr&de was reprecipi ta ted with ammonia and dis-  

solved i n  3 - N n i t r i c  acid .  Hydrofluoric ac id  was added and barium 

fluoairconate precipi ta ted.  Fer r ic  hydroxide was prec ip i ta ted  from the  

supernatant and dissolved i n  9 - M hydrochloric acid f o r  ex t rac t ion  with 

di-isopropyl e the r .  Upon re-extraction i n to  water, t h e  i ron w a s  

precipi ta ted with ammonia. The hydroxide was washed and igni ted,  and 

t he  i r o n  determined by weighing as Fe 0 
2 3' 

Cobalt.-- The ac id i c  t a r g e t  solut ion containing cobalt c a r r i e r  

was made strongly amnoniacal. The supernatant was removed and t he  

p r ec ip i t a t e  washed twice with hot  aqueous ammonia. From the  combined 

supernatant and washings, f e r r i c  hydroxide ard barium and strontium 

carbonates were precipi ta ted.  The supernatant  was ac id i f i ed  with 

hydrochloric ac id  and the  acid su l f ide  group contaminants removed by 

prec ip i ta t ion  wi th  hydrogen su l f ide  gas. The solut ion was made basic  / 

and cobalt sul f ide  p rec ip i ta ted .  The su l f i de  was dissolved i n  
a < 

1 t  ' was :recedt lq  f kud. t h i t  t he  f i e ld  of. i r on  6 s .  mate r ia l ly  in- 
creased by rg-extraction i n t o  an ace t ic  acid-sodium a c e t a t e  buf fe r  
s o l u t i o n - i n s h a d  of ihto water. 

L 



concentrated n i t r i c  a d d  which was then d i l u t ed  f o r  p rec ip i ta t ion  of 

s i l v e r  e h l o ~ i d e ,  The supernatant was made bas ic  wi th  potassium hydroxide 

t o  p r ec ip i t a t e  cobalt  hydroxide. This was dissolved i n  2 t o  3 - PJ a c e t i c  
* 

ac id .  Nickel "holdback" agent was added and potassium c o b a l t i n i t r i t e  

precipi ta ted.  The p r ec ip i t a t e  was dissolved i n  concentrated hydrochloric 

acid  and the procedure repeated beginning with the  f e r r i c  hydroxide - 
a lka l i ne  ear th  carbonate p rec ip i ta t ions ,  The second c o b a l t i n i t r i t e  

p r ec ip i t a t e  was dissolved a s  before and potassium c o b a l t i n i t r i t e  re- 

precipi ta ted.  This f i n a l  p rec ip i ta te  was washed, d r i ed  a t  1 1 0 ~ ~  and 

cobal t  determined by weighing a s  K Co(N0 ) ' H20. 3 2 6  

Nickel.-- The ac id i c  t a rge t  solut ion containing n i cke l  c a r r i e r  was 

made strongly anrmoniacal. The supernatant was removed a d  the  precipi- 

t a t e  washed twice with hot  aqueous amnonia. From the combined super- 

natant  and washings, f e r r i c  hydroxide and barium and strontium carbonates 

were precipi ta ted.  The solut ion was boiled gently t o  remove some of 

t he  excess ammonia, and dimethylglyoxime added t o  p r ec ip i t a t e  the 

nickel .  The p r ec ip i t a t e  was dissolved i n  concentrated n i t r i c  acid  which 

was then d i l u t ed  t o  approximately 1 - N. Copper, palladiumg and antimony 

sulfides were prec ip i ta ted  several times. The supernatant w a s  boiled 

t o  remove excess hydrogen sulfide,  then made basic with ammonia gas. 

Fe r r i c  hydroxide was precipi ta ted again.  The supernatant was made ' 

0.5 - N i n  hydrochloric acid  and palladium dimethylglyoxime was precipi- 

t a t e d  . The supernatant was neutra l ized and nickel dimethylglyoxime 

precipi ta ted.  After  reprec ip i ta t ion  and washing, t h e  n icke l  dimethyl- 

g lyoxhe  was d r i ed  a t  110'~ and weighed as such, 
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Copper.-- The ac id ic  t a rge t  solution containing copper c a r r i e r  was 

made s t rongly ammoniacal. The supernatant was removed and t h e  precipi- 

t a t e  washed twice with hot aqueous ammonia. From t h e  combined super- 

natant  and washings, f e r r i c  hydroxide was prec ip i ta ted .  A 5 percent 

so lu t ion  of sodium thiocyanate and sodium s u l f i t e  was added t o  the  

supernatant and i t  was  a c id i f i ed  with g l a c i a l  a c e t i c  a c id ,  a f t e r  

"holdbackl* agents of t h e  ammonia complex group elements had been added. 

The cuprous thiocyanate p r ec ip i t a t e  was dissolved i n  a minimum amount 

of concentrated n i t r i c  acid and t he  so lu t i on  made 2 N i n  hydrochloric 

ac id .  Cadmium, yttrium, and strontium tlholdbackfi agents  were added, 

and copper p rec ip i ta ted  a s  t h e  sulf ide .  The cupric su l f ide  was dissolved 

in concentrated n i t r i c  acid which was d i l u t ed  t o  approximately 4 f o r  

t he  p r ec ip i t a t i on  of s i l v e r  chloride. The supernatant was buffered 

with ammonium hydroxide - sodium ace ta te ,  and copper thiocyanate again 

0 (1 I 

precipi ta ted.  The prec ip i ta te  was washed, dr ied a t  110 C, and copper 

determined by weighing as CuCNS. 

Zinc.-- The n i t r i c  acid  solut ion of the, t a rge t  containing zinc - 
c a r r i e r  was d i lu ted  t o  approximately 1 N - and zinc mercurithioc~tanate 

p rec ip i ta ted  i n  the  presence of oxal ic  a c id .  The p r e c i p i t a t e  was dis-  

solved i n  4 n i t r i c  acid ,  t h e  solution was di lu ted and t he  zinc mer- 

curi thiocyanate reprecipi ta ted twice. The prec ip i ta te  was redissolved, 

-. t h e  solution d i l u t ed ,  and copper, s i l ve r ,  t i n ,  antimony, and bismuth 

su l f i de s  precipi ta ted.  The supernatant was buffered with ammonid 
* 

ace ta te ,  and zinc su l f ide  precipi ta ted.  The p r ec ip i t a t e  was dissolved 

i n  concentrated hydrobromic ac id  and evaporated t o  dryness several  

times w i t h  bromine-hydrobromic acid t o  remove selenium. The residue 
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was taken up i n  1 - N sodium hydroxide t o  which sodium carbonate had been 

added. Fe r r i c  hydroxide and barium and strontium carbonates were pre- 

c ip i t a t ed  fmm t h i s  solution. The supernatant was ac id i f i ed  t o  1 N - 
in hydrochloric ac id .  Zinc mercuric thiocyanate was prec ip i ta ted ,  

washed, dr ied a t  110'~ and weighed a s  such. The gravimetric fac tor  was 

determined empirically.  [N.B. A b e t t e r  sample for  counting purposes 

may be obtained by dissolving t he  f i n a l  z inc  mercurithiocyanate pre- 

c i p i t a t e ,  removing the* mercury by prec ip i ta t ing  it a s  mercuric su l f ide ,  

neutra l iz ing t o  methyl orange endpoint, and 

29 
phosphate a t  about 80'~. The prec ip i ta te  

weighed as z ~ ( N H ~ ) P o ~ .  ] 
Arsenic.-- The n i t r i c  acid  solutzon of 

p r ec ip i t a t i ng  zinc ammonium 

i s  dr ied at 1 0 5 ' ~  and 

t h e  t a rge t  containing 

a r sen ic  c a r r i e r  was boiled near ly  to  dryness. (N.B. A more recent 

method removes t h e  n i t r a t e  by bo i l ing  with formic acid.13' The res idue 

was taken up i n  6 N hydrochloric acid, a c rys ta l  of  ammonium iodide - 
added, and a rsen ic  and germanium sulf ides  p rec ip i ta ted  a t  ice i  tempera- 

t u r e .  The su l f ides  were washed with 6 N su l fu r i c  ac id  saturated with - 
hydrogen su l f ide .  The su l f ides  were dissolved i n  concentrated ammonium 

hydroxide. The so lu t ion  was washed i n to  a glass s t i l l ,  and tellurium, 

antimony and t i n  "holdback" agents added. Concentrated hydrochloric 

ac id  was added and germanium te t rach lor ide  was d i s t i l l e d  from the  solu- 

t i o n  i n  a stream of chlorine gas. Hydrogen chloride gas was passed 

i n to  t h e  residue t o  remove t h e  chlorine.  Cuprous chloride was added 

t o  reduce t h e  a r s en i c  t o  a r s en i c ( I I I ) ,  and arsenic  t r i ch lo r ide  was 

d i s t i l l e d  from t h e  solution i n  a stream of hydrogen chloride. The 

a r sen ic  t r i c h l o r i d e  was trapped i n  concentrated hydrochloric acid  a t  



i c e  temperature. ~rsenie(111) slilfide was prec ip i ta ted  from t h e  dis-  

till+.te by the  addi t ion of hydrogen su l f ide  gas. The su l f i de  was dis-  

solved i n  concentrated ammonium hydroxide, tel lurium, antimony, and 

t i n  c a r r i e r s  added, and the  a r sen ic  t r i ch lo r ide  d i s t i l l e d  from hydro- 

ch lor ic  acid a s  above. ~ r s e n i c  (111) su l f i de  was a g d n  precipi ta ted 

from t h e  d i s t i l l a t e  and dissolved i n  concent ra ted  ammonium hydroxide. 

The solution was ac id i f i ed  with ccncentrated hydrochloric ac id  and 

a rsen ic ( I I1 )  su l f i de  p rec ip i ta ted  with hydrogen su l f i de ,  The precf pi- 

t a t e  was  washed, dr ied a t  l l ~ ~ ~ ,  and a rsen ic  determined by weighing 

a s  A s  S 
2 3 
Selenium.-- The,uranium t a rge t  was dissolved 

hydrobromic acid  containing bromine, and selenium 

under r e f l ux  i n  

and te l lur ium c a r r i e r s .  

After  solut ion was complete, the  r e f l u x  column w a s  replaced by a s t i l l  

head and selenium tetrabromide d i s t i l l e d  i n t o  bromine water kept a t  

i c e  temperature. After  cmplet ion of t he  d i s t i l l a t i o n ,  an equal volume 

of concentrated hydrochloric acid was added t o  the  bromine water a t  

i c e  temperature, and sodium b i s u l f i t e  added t o  reduce t h e  selenium t o  

t h e  red a l lo t rop ic  modification of t he  zero oxidation s t a t e .  After  

washing, t he  selenium was dissolved i n  hydrobronic acid  containing 

bromine and te l lur ium nholdbaekv agent, and r e d i s t i l l e d .  The reduction 

and d i s t i l l a t i o n  were repeated. The selenium f r o m  t he  f i n a l  reduction 

was washed with 

p r ec ip i t a t e  was 

ing as Se. 

Bromine. -- 
acid  containing 

water and dr ied with ethanol and d ie thy l  e ther .  The 

then dr ied  a t  l loOc and selenium determined by weigh- 

The uranium t a r g e t  was dissolved under r e f l ux  i n  n i t r i c  

a known amount of f r e sh ly  p rec ip i ta ted  s i l v e r  bromide 
- .  
I 
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( t o  prevent l o s s  of bromine by v o l a t i l i z a t i o n ) ,  Zxchange of t he  ~ a d i o -  

a c t i v e  bromine o r  bromide ions  with the ineu1-5 bromide of  s i l v e r  bromide 

i s  presumed t o  be rapid and completee3' After  separation from the  t a rge t  

solut ion,  the  s i l v e r  bromide was washed well and metathesized t o  s i l v e r  

su l f i de  i n  amoniacal  solution.  The supernatant was ca re fu l l y  ac id i f i ed  

t o  1 - N i n  n i t r i c  acid,  allowing the excess hydrogen su l f ide  t o  escape, 

Iodide c a r r i e r  was added, oxidized t o  iodine with 0.1 4 sodium n i t r i t e ,  

and extracted in to  carbon te t rach lor ide .  The iodine ex t rac t ion  w a s  

repeated tw5ce. The bromide was then oxidized t o  bromine by potassium 

perxnanganate and extracted i n to  carbon te t rach lor ide .  The organic 

phase was washed with 1 N_ n i t r i c  acid containing permanganate. The 

carbon te t rach lor ide  was s t i r r e d  with water and sodium b i s u l f i t e  solu- 

t i o n  added u n t i l  the  bromine had been reduced t o  bromide (and conse- 

quently gone i n t o  t h e  aqueous phase). The bromide was then precipi-  

t a t e d  by t he  addi t ion of s i l v e r  n i t r a t e ,  washed, dried a t  U O ~ C ,  and 

weighed a s  AgEJr. 

Rubidium.-- An a l iquo t  of t h e  n i t r i c  a d d  solution of the  t a rge t  

containing cesium and rubidium c a r r i e r s  was evaporated t o  fuming with 

perchloric acid. After  cooling, absolute ethanol was added and the 

solut ion s t i r r e d  a t  i c e  temperature. The cesium and rubidium per- 

chlorates  were washed with absolute ethanol and dissolved i n  0.2 N 
hydrochloric acid.  S i l v e r  chloride was  precipi ta ted,  then tel lurium, 

ruthenium, t i n ,  antimony, and s i l v e r  su l f i de s ,  The solution was made 

bas ic  with sodium hydroxide, and lanthanum, cerium, yttr ium, i ron ,  

zirconium, and niobium precipi ta ted.  Ba r ium and strontium carbonates 

were then prec ip i ta ted .  The s e r i e s  of  sul f ide ,  hydroxide and carbonate 
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p rec ip i t a t ions  was l~epeated several  times. 'The final supernatant 

was evaporated t o  fuming with peychloric a d d ,  The perchlorates were 

washed with absolute  ethanol, dissolved,  and repree ip i t a ted .  The 

perchlorates were then dissolved i n  6 N hydrochloric a d d  and t he  cesium - 

prec ip i t a ted  with silicowolframic a c i d ,  (For f u r t he r  pu r i f i c a t i on  of ' 

cesium see below.) More cesium c a r r i e r  was added t o  the  supernatant 

and cesium silicowolframate again p rec ip i t a ted ,  The supernatant  was 

evaporated t o  near dryness, Chloroplat inic acid and e thano lwere  added 

t o  p r ec ip i t a t e  rubidium chloropla t inate ,  The p r ec ip i t a t e  was washed 

0 
with ethanol, dr ied  a t  110 C and rubidium determined by weighing a.s 

Rb PtC16. 
2 

Stmntium.-- The t a rge t  was dissolved i n  a minimum volume of con- 

centra ted n i t r i c  acid containing c a r r i e r s  of the elements t o  be i so l a t ed .  

After  solut ion was  complete, r ed  fuming n i t r i c  acid was  added and the  

tube ch i l l ed  i n  an i c e  bath.  The p r ec ip i t a t e ,  containing t he  n i t r a t e s  

of strontium, barium, and coprecipitated radium, was centrifuged and 

the  supernatant decanted. The n i t r a t e s  were dissolved i n  a minimum 

amount of  warm water and reprec ip i t a ted  wLth f m l n g  n i t r i c  ac id .  The 

n i t r a t e s  were redissolved and t he  solut ion made 4 N in n i t r i c  acid, 

S i l v e r  chloride w a s  p rec ip i t a ted  ts remove acid  insolubl  e mater ia ls  

which might have been ca r r i ed  by the  a lka l ine  ea r th  n i t r a t e s ,  The 

supernatant was made bas ic  with ammonia gas  and f e r r i c  hydroxide pre- 

c i p i t a t ed  t o  remove t r a ce s  of amnoniurn hydroxfde group fnpu r i t i e s  and 

any insoluble  mater ia l  which might have remained ir! the s o h t i o n .  The 

supernatant was buffered t o  pH 5 with a ce t i c  acid - ammoniun ace t a t e*  

Barium chromate (carrying radium) was separated f r o m  the  strontium 



0 
by p r ec ip i t a t i on  a t  95 @. Barium dimmai;e was aga in  precfpi ta tad  from 

the  supernatant i n  order t o  yemove any t r a ce s  of radioact ive  b a r i m  

o r  radium. Strontium w a s  precipi ta ted  a s  t h e  carbonate, washed, dissolved 

i n  hyclrochloric acid t o  remove carbon dioxide and repreei  p i  trited a s  the  

oxala te  f o r  weighing. 

Zirconium.-- The n i t r i c  ac id  solut ion of t h e  t a rge t  containing 

zirconium c a r r i e r  was made about 4-5 - N i n  n i t r i c  a c id  and about 8 - M i n  

hydrofluoric a c id ,  Lanthanum and yt t r ium f luor ides  were p rec ip i t a ted  

twice t o  remove contaminants of t h e  rare ear th  and ac t i n ide  s e r i e s ,  

Barium w a s  added t o  t h e  supernatant t o  p rec ip i t a te  barium f luozirconate .  
* I  

The p r e c i p i t a t e  was dissolved i n  8 N - n i t r i c  ac id  sa tura ted with boric 

ac id .  The foregoing p rec ip i t a t ions  were repeated f o r  add i t iona l  purif  i- 

cat ion.  The f i n a l  BaZrF6 p r e c i p i t a t e  was dissolved i n  approsmately  3 - N 

hydrochloric ac id  with bor ic  acid added to complex t h e  f luor ide .  The 

barium was  removed by p r ec ip i t a t i on  a s  barium su l f a t e .  The supernatant 

was d i l u t e d  t o  approximately 2 - M i n  a d d  and the  zirconium prec ip i t a ted  

by 6 percent cupferron so lu t ion  i n  t he  cold ( i c e  bath) .  The precipi-  

t a t e  was washed with t h e  reagent, t r ans fe r red  t o  a porcela in  crucible,  

i gn i t ed  and weighed a s  Z r O  This procedure probably e f f e c t s  no sepa- 
2 ' 

r a t i o n  from hafnium. However, the  f i e ld  o f  hafnium isotopes  i s  l e s s  

than t h a t  of the  zirconium. 

Niobium.-- Niobium car r i e r ,  camplexed with oxala te ,  w a s  added t o  a 

measured f r ac t i on  of the  t a rge t  so lu t ion .  Niobi wn pentoxide was precipi-  

t a t e d  by diges t ing i n  an 8 N n i t r i c  ac id  solut ion containing potassium 

bromate. The oxide was dissolved i n  saturated cxai ic  ac id .  The solut ion 

was taken up i n  6 N hydroclilorie a c id  and extracted with cupferron i n t o  



chloroform a t  5 ' ~ .  The aqueous phase :as re-extracted and t h e  combined 

chloroform layers  washed with cold 6 hydrochloric ac id  containing 

cupferron. The chloroform l a y e r  was boiled with concentrated n i t r i c  

acid and potassium bromate added t o  p r ec ip i t a t e  niobium pentoxide, The 

oxide was dissolved i n  d i l u t e  n i t r i c  acid containing hydro£ Luoric acid .  

Barium fluozirconate p rec ip i ta ted  t o  remove zirconium, yttr ium, and 

lanthanide contaminants. Boric acid  was added t o  complex the f luor ide ,  

and niobium pentoxide was precipi ta ted from s t rongly amoniaca l  solut ion.  

After  washing, the oxide was  dissolved i n  saturated oxa l ic  acid, then 

reprec ip i ta ted  from 8 PJ n i t r i c  acid  containing potassium bromate. After  

washing, t he  p rec ip i ta te  was ignited and weighed a s  Nb 0 
2 5" 

Molybdenum.-- The uranium t a r g e t  was dissolved i n  hydrochloric acid  

containing molybdenum c a r r i e r  and the solut ion completed by t he  addi t ion 

of minimum amounts of n i t r i c  acid .  The solution was bo i l ed  t o  reduce 

t he  amount of n i t r a t e  and bring t h e  concentration of hydrochloric ac id  

t o  about 6 - M. Molybdenum was extracted with several  por t ions  of d ie thy l  

e ther .  (A minimum amount of l i qu id  bromine was added t o  t he  aqueous 

phase to  ensure t ha t  molybdenum was present i n  the  V I  oxidation s t a t e . )  

The e ther  layers  were combined, washed with 6 N - hydrochloric ac idg  and 

evaporated over water, Fe r r i c  ion and niobium axalate complex were 

added to  the  solution, and t h e i r  hydrated oxides p rec ip i ta ted  by addi t ion 

of ammonia. The supernatant (containing molybdenum a s  molybdate) was 

ac id i f i ed  t o  about 0.5 i n  hydrochloric ac id ,  Molybdenum alpha-benzoin 

oxime was precipi ta ted f r o m t h e  chi l led  solutior,. Af te r  washing with 

0.5 - N su l fu r i c  acid, the oxime was dissolved i n  concentrated n i t r i c  acid  

and destroyed by boi l ing ca re fu l ly  t o  fuming with perchlor ic  acid.  
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After  t h e  solution had been cooled and d i lu ted ,  f e r r i c  hydroxide was  

p rec ip i ta ted  using sodium hydroxide. The supernatant was ac id i f i ed  and 

molybdenum alpha-benzoin oxime reprec ip i ta ted  and destroyed. After  

another p rec ip i ta t ion  of f e r r i c  hydroxide, t h e  supernatant was made jus t  

ac id  and buffered with sodium ace ta te .  Molybdenum was prec ip i ta ted  a s  

s i l v e r  molybdate, washed, dried a t  110'~ and weighed as Ag$lo04. 

Ruthenium.-- Ruthenium and osmium c a r r i e r s  were added t o  t h e  n i t r i c  

a c id  solut ion of the t a rge t  which was then boiled to  remove osmium 

te t roxide.  Iodide c a r r i e r  was added and oxidized with bismuthate t o  

prevent d i s t i l l a t i o n  of iodine.  Molybdenum was added and complexed 

with phosphate to  prevent d i s t i l l a t i o n  of molybdenum. Ruthenium te t rox ide  

was then d i s t i l l e d  from f d n g  perchloric acid  i n  an a i r  stream. To the  

d i s t i l l a t e ,  trapped i n  6 N sodium hydroxide, ethanol was added and t h e  

solut ion boiled t o  coagulate ruthenium oxide. This may be reoxidized 

t o  the higher s t a t e  and d i s t i l l e d  from perchloric ac id  again f o r  addi- 

t i o n a l  pur i f i ca t ion .  The oxide recovered from the a lcohol ic  sodium 

hydroxide was dissolved i n  hot 6 N hydrochloric acid.  The solut ion w a s  

d i lu ted  and the  ruthenium reduced t o  the metal l ic  s t a t e  with magnesium. 

The ruthenium was washed, dr ied a t  110'~ and weighed a s  t he  metal. 

Palladium.-- The t a r g e t  solution containing palladium c a r r i e r  was 

made about 0.4 J i n  n i t r i c  or  hydrochloric acid. Inac t ive  nickel  was 

added a s  a tfholdback" agent. The palladium was prec ip i ta ted  with 

dimethylglyoxime and the precipi ta te  washed with d i l u t e  acid (0.2 N). 
The palladium dimethylglyoxime was dissolved i n  concentrated n i t r i c  

acid  (destroying the dimethylglyoxime), the solution di lu ted,  and f e r r i c  

hydroxide precipi ta ted twice with ammonia. S i lver  iod ide  was prec ip i ta ted  
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twice (using excess iodide) and. the  solut ion reacidi f ied t o  0,4 - N i n  

hydrochloric acid.  After  centrifuging out any s i l v e r  chloride which 

might have been present,  t h e  palladium was prec ip i ta ted  with dimethyl- 

glyoxime. The procedure could be repeated f o r  addi t ional  pur i f i ca t ion .  

Af t e r  washing, t h e  f i n a l  palladium dimet hylglyoxrfme prec ip i ta te  was 

d r i ed  a t  1 1 0 ~ ~  and weighed a s  Pd-dmg. 

Silver.-- The t a r g e t  was dissolved i n  n i t r i c  acid  containing s i l v e r  

c a r r i e r  ( t o  avoid adsorption of t r a ce  amounts of s i l v e r  by the  g l a s s ) .  

The solut ion was di luted t o  approximtely  4 - N i n  n i t r i c  acid  and s i l v e r  

chlor ide  precipi ta ted from a  bo i l ing  solut ion with s t i r r i n g .  Coagulation 

i s  rapid and complete under these  conditions. The s i l v e r  chlor ide  was 

dissolved i n  aqueous ammonia and f e r r i c  hydroxide was precipi ta ted t o  

remove ammonium hydroxide group contaminants. The s i l v e r  was recovered 

by prec ip i ta t ion  a s  s i l v e r  sul f ide .  The sulf ide  was dissolved i n  con- 

centrated n i t r i c  acid which was boiled, then d i l u t ed  t o  approximately 

4 N f o r  p rec ip i ta t ion  of s i l v e r  chloride.  The cycle was repeated f o r  

add i t iona l  pur i f i ca t ion .  After  dissolving the  f i n a l  p r ec ip i t a t e  of 

s i l v e r  sulfide,  the solution was d i lu ted  and made basic with ammonia. 

F e r r i c  hydroxide was p rec ip i ta ted  t o  r emve  any s u l f u r  which might have 

been present. The supernatant was made a p p r o x b t e l y  4 - N i n  n i t r i c  acid 

and s i l v e r  chloride precipi ta ted.  After washing and drying a t  l loOc, 

s i l v e r  was determined by weighing a s  s i l v e r  chloride. A 1 1  s i l ve r  

chlor ide  precipi ta t ions  except the  f i n a l  one should be made i n  t h e  

presence of palladium and cadmium tlholdbackH agents t o  minimize occusion 

of radioactive contaminants on t he  surface of the  s i l v e r  chloride.  
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Cadmiurn.-- The ta rge t  solut ion containing cadmium ca r r i e r  and copper 

was made bas i c  with amnonia. Cadmium and copper were leached out of  t h e  

massive p r ec ip i t a t e  by hot aqueous ammonia. The completeness of t h e  

extract ion was  indicated by the  blue color of the cupri-amonium complex. 

I ron,  lanthanum, and indium were p rec ip i ta ted  from t h e  ammoniacal solu- 

t i on .  Cadmium and copper su l f ides ,  p rec ip i ta ted  from the  supernatant, 

were dissolved i n  concentrated n i t r i c  a d d .  The so lu t ion  was d i l u t ed  

t o  approximately 4 - N and s i l v e r  chloride precipi ta ted.  The supernatant 

was neutral ized with ammonia; enough so l i d  potassium cyanide added t o  

complex copper; and cadmium sulf ide  p rec ip i ta ted  with hydrogen su l f ide .  

The cadmium su l f i de  was dissolved i n  6 - N hydrochloric acid ,  the  solut ion 

d i lu ted  t o  2 N, and palladium su l f ide  p rec ip i ta ted  from the  hot solut ion.  

Antimony su l f i de  was precipi ta ted from t h e  supernatant. After  centr i -  

fugation and decantation, t h e  supernatant was made bas ic  with ammonia 

and cadmium su l f ide  precipi ta ted.  The prec ip i ta te  was washed, dr ied 

a t  lloOc, and cadmium determined by weighing a s  CdS . 
Tin.- The target  was dissolved i n  hydrochloric ac id  containing t i n  - 

ca r r i e r .  A m i n i m  amount of n i t r i c  acid  was used t o  complete the  solu- 

t i o n  of t h e  uranium. A port ion of the  t a rge t  solut ion was taken and 

d i lu ted  t o  approximately 1 3  i n  acid.  Stannic su l f i de  was p rec ip i ta ted  

from t h e  hot solut ion.  After  washing, the  sulf ide  w a s  dissolved i n  

concentrated hydrochlqric acid and t he  hydrogen su l f i de  boiled out. The 

solution was di luted t o  2-2.5 N - and antimony su l f ide  precipi ta ted from 

the  hot solution.  The ac id i t y  of the supernatant was reduced by t he  

addi t ion of ammonium hydroxide, and stannic sul f ide  again precipi ta ted.  

After  dissolving the  su l f ide  i n  hydrochloric acid  and bo i l ing  out  hydrogen 



s u l f i d e ,  t h e  s o l u t i o n  w a s  d i l u t e d  and ruthenium, zirconium, cioSium, 

cadmium and i r o n  c a r r i e r s  added. The sol-ution w a s  mde  b a s i c  with excess  

6 - N sodium hydroxide. I r o n  was added t o  t h e  superna tan t  and t h e  hydroxide 

aga in  p r e c i p i t a t e d  . The supe rna t an t  was a c i d i f i e d  and t i n  p r e c i p i t a t e d  

wi th  hydrogen s u l f i d e .  The s u l f i d e  was d i s so lved  i n  hydrochlor ic  a c i d  

and antimony s u l f i d e  r e p r e c i p i t a t e d .  A f t e r  t h e  t i n  s u l f i d e  was recovered 

from t h e  superna tan t ,  it was d isso lved  i n  n i t r i c  ac id  and metastannic 

a c i d  p r e c i p i t a t e d  by t h e  a d d i t i o n  o f  s o l i d  ammonium n i t r a t e .  The pre- 

c i p i t a t e  was f i l t e r e d ,  i g n i t e d ,  and weiphed a s  SnO 
2 

A modi f ica t ion  t o  t h i s  procedure has been suggested by M ~ D o n e l l . : ~  

The antimony was renoved try reduct ion  t o  meta.llic, antimony w i t h  i r o n .  

The s o l u t i o n  was f i l t e r e d  through " f ine"  grade  s i n t e r e d  glass funne l s .  

T in  was recovered by p r e c i p i t a t i o n  o f  t h e  s u l f i d e  from t h e  f i l t r a t e .  

I n  t h e  sodium hydroxide p r e c i p i t a t i o n  of p o s s i b l e  contaminants,  ammonium 

po lysu l f ide  was added t o  remove c e r t a i n  elements9 such as  l ead ,  which 

would o therwise  be so luble  i n  t h e  bas i c  s o l u t i o n .  The f i n a l  p r e c i p i t a t e  

of s t a n n i c  s u l f i d e  was disso lved  i n  ammonium n i t r a t e  s o l u t i o n  with small 

amounts of 6 J n i t r i c  a c i d  ( i n s t e a d  of i n  concent ra ted  n i t r i c  ac id )  

t o  minirnize t h e  amount of s u l f u r  formed. 

Tellurium. -- The t a r g e t  was d isso lved  i n  hydrochlor ic  ac id  contain-  -- 
i n ~  t e l l u r i ~ i r n  c a r r i e r  w i t h  t h e  minimum amount o f  n i t r i c  ac id  necessary  

t o  complete so lu t ion .  A p o r t i o n  of the  t a r g e t  so lu t ion , - to  which se le -  

nium c a r r i e r  has  been added, w a s  bo i l ed  t o  nea r  drpess with ccncent ra ted  

hydrohrornic a c i d  two o r  t h r e e  t imes.  The r e s i d u e  was taken  up i n  con- 

c e n t r a t e d  hydrochlor ic  a c i d ,  selenium c a r r i e r  added, and t h e  red  a l l o -  

t r o p i c  modi f ica t ion  of s e l e ~ i u m  p r e c i p i t a t e d  by t h e  a d d i t i o n  of sulfur 



0 
dioxide t o  the  solut ion a t  5 C. The supernatant was d i l u t ed  t o  approxi- 

mately 3 - N i n  hydrochloric ac id  and t e l lu r ium was p rec ip i t a ted  by t h e  

add i t ion  of su l fu r  dioxide. The telluriiim was dissolved i n  a  few drops 

of cancentrated n i t r i c  acid,  the excess n i t r i c  ac id  evaporated, a.nc! 

t h e  so lu t ion  d i l u t ed .  6 - N sodium hydroxide was added dropwise u n t i l  

t h e  p r e c i p i t a t e  of t e l l u rous  acid which f o r ~ e d  was  thoroughly dissolved.  

F e r r i c  hydrcxi.de was prec ip i t a ted  from t h i s  solut ion.  Tellurium was 

recovered by p r ec ip i t a t i on  with su l fu r  dioxide from t h e  acidified. super- 

na tan t .  The procedure was repeated f o r  add i t i ona l  pu r i f i c a t i on .  The 

0 
f i n a l  t e l lu r ium p rec ip i t a t e  was washed, d r ied  a t  110 C ,  and weighed a s  Te. 

Cesium.- (See rubidium procedure, page 46. ) The cesium and rubi- -- 
dium perchlora tes  were taken up i n  6 N hydrochloric ac id  and cesium 

prec ip i t a ted  wi th  silicowolf ramic acid .  After  d iges t ion  a t  9 5 ' ~ ,  t h e  

solut ion \as ch i l l ed  and centrifuged. The p r e c i p i t a t e  was washed with 

6 N - hydrochloric ac id  =d dissolved i n  d i l u t e  sodium hydroxide. Upon 

r eac id i f i c a t i on ,  wolframic oxide and s i l i c a  p rec ip i t a ted .  I n e r t  rubidium 

was  added a s  a ltholdbacklt agent, and the cesium reprec ip i t a ted  with 

silicowolframic ac id .  The p rec ip i t a te  was dissolved and cesium repre- 

c i p i t a t e d  as  before.  The p r ec ip i t a t e  was washed with 6 - N hydrochloric 

ac id ,  d r ied  a t  

Barium. -- 
separated from 

110'~ and the  cesium determined by weighing a s  Cs SiW 0 S 1 2 4 2 '  

(see  strontium procedure, page 47. ) The barium chromate 

the  strontium was washed with water a t  95%. The pre-' . 
c ip i t a . t e  was  dissolved i n  a, mini,mun amount of hot  6 21 hydrochloric - 
ac id .  The solut ion was taken up i n  ether-concentmted hydrochloric : 

acid ,  1: 5 by volume, t h e  "ether-HC1 reagent." Upon c h i l l i n g  a t  i c e  

temperature, t h e  barium chloride precipi ta ted .  The chloride aws dissolved 



i n  a minimum a m n t  of d i s t i l l e d  lnrater and r e p r e c i p i t a t e d  t ~ i c e ,  The 

f i n a l  p r e c i p i t a t e  was washed with abso lu t e  a l coho l  and  with e t h e r g  

and d r i e d  i n  a  vacuum desicca. tor ,  The b a r i u n  was d e t e d n e d  weigh- 

i n g  as BaC12 ?H20. 

---- H a f n i m  ,--. Hafnium s.nd zirconium were separated t o g e t h e  from 

o t h e r  f i s s i o n  products  by t h e  above desc r ibed  procedure f o r  z ireoniui i .  

E a f n i m  was sepa ra t ed  from zirconium by s l ?n t ion  from c a t i o n  exchange 

2 7 
r e s i n  wi th  cons tan t  b o i l i n g  hydrochloric  a c i d  .' ' Since  the  hafnium 

i s  e l u t e d  f i rs t ,  t a i l i n g  from the higher  a c t i v i t y  zirconiixn peak does 

n o t  i n t e r f e r e .  

Osmium.- Af t e r  c a r e f u l l y  dissolvini; ,  t h e  uranium t a r g e t  ~ r ,  n F t r l c  --- 

a c i d  under r e f lux ,  c a r r i e r  osmium having p rev ious ly  been added t o  t h e  

n i t r i c  ac id ,  i od ine  and bromine rtholdbackw agents  were a.dded, ox id ized  

w i t h  sodium bisniuthate,  and osmium tetroxi.de distL.'iled i n t o  6 - M sodium 

hydroxide. Hydrogen s u l f i d e  gas  was passed i n  t o  p r e c i p i t a t e  osmium 

s u l f i d e .  Af t e r  washing., t h e  s l l f  i de  was di s s o l ~ e d  i n  concent ra ted  

n i t r i c  ac id ,  and t h e  d i s t i l l a t i o n - p r e c i p i t a t i o n  cyc le  repeczted t w i c e ,  

The s u l f i d e  p r e c i p i t a t e  was then  d isso lved  i n  p e r c h l o r i c  ac id .  Nolyb- 

denum " h ~ l d h a c k ~ ~  agen t  was added and complexed wi th  phosahate.  Osni im 

ketroxi.de was d i s t i l l e d  from t h i s  so lu t ion .  Af t e r  p r e e i p l t a t i o n  o f  

t h e  s u l f i d e ,  t h e  p e r c h l o r i c  ac id  d i s t . i l l a t i o n  was repeatec?, The 

s o l u t i o n  of osmium i n  6 - N sodium hydroxide was c a r e f u l l y  a . c id l f l ed  

with hydrochlor ic  a c i d  and the osmim('ii111) reduced with xagnesilm 

t o  m e t a l l i c  oszdwn. 

Gold.-- Gold was separated as t h e  niet j l  by a series c f  p r e c i p i t a -  -. 

t i o n s  from c h l o r i d e - f r ~ e  i-itl-Fc a c i d  s o l ~ t i o n  w i t h  s u l f u r  d ioxide  i n  



t h e  presence of mercury, te l lur iu in ,  and plat inum uholdba,ckfl agen t s .  

The gold was t h e n  d isso lved  i n  a. minimum of  aqua r e g i a  and taken  up  

i n  2 - N hydrochlor ic  a c i d  from which it wa.s ex t r ac t ed  b y  e t h y l  a c e t a t e ,  

Gold was recovered by evapora t ing  the organic  l a y e r  ove r  d i l u t e  n i t r i c  

a c i d  and p r e c i p i t a t i n g  m e t a l l i c  gold with s u l f u r  d ioxide .  

Radium.-- (See barium procedure, page 54. ) The f i n a l  p r e c i p i t a t e  

of barium c h l o r i d e  was washed wi th  a l c o h o l  t o  remove any  excess  hydro- 

c h l o r i c  a c i d .  The p r e c i p i t a t e  was t h e n  d isso lved  i n  water  and e q u i l i -  

b r a t e d  with Dowex-50 c a t i o n  exchange r e s i n .  By e l u t i o n  through 

column packed wi th  r e s i n ,  u s ing  pH 8 ammonium c i t r a t e  s o l u t i o n ,  t h e  

barium and radium f r a c t i o n s  were separated.34 Samples f o r  a lpha  count- 

i n g  were mounted on platinum d i s k s  and f lvned  t o  d e s t r o y  and remove 

c i t r a t e ,  l e a v i n g  e s s e n t i a l l y  w e i & t l e s s  samples. 

General  Procedure f o r  I s o l a t i n g  a d  Sepa ra t ing  Rare ~a r th :  ----- --- 
General .-- One m i l l i ~ r a m  of each r a r e  e a r t h  t o  b e  i s o l a t e d  (except  -- 

promethium, f o r  which t r a c e r  was added) was added a s  c a r r i e r ,  t h e  

t o t a l  amount be ing  of t h e  order  of twelve milligrams. The group was 

sepa ra t ed  b y  p r e c i p i t a t i o n  of t h e  f l u o r i d e s  from 2 N n i t r i c  a c i d  

s o l u t i o n  by  a d d i t i o n  of hydrof luor ic  a c i d .  (some u r a n y l  f l u o r i d e  may 

b e  c a r r i e d  i f  t h e  concent ra t ion  of uranium i s  high enough. For  one 

of t h e  bombardments which used an  e i g h t  gram uranium t a r g e t ,  t h e  

uranium was e x t r a c t e d  wi th  e t h e r  f r o m  t h e  n i t r i c  ac id  s o l u t i o n  before  

t h e  r a r e  e a r t h  f l u o r i d e s  were p r e c i p i t a t e d .  ) The f l u o r i d e s  were dis- 

so lved  i n  8 N - n i t r i c  a c i d  sa tu ra t ed  wi th  b o r i c  ac id ,  and t h e  r a r e  e a r t h s  
- ----- 

9 
Modif ica t ion  of  a procedure used b y  Wilkinson and Hicks.  35 



were recovered a s  nydroAdes  by p r e c i p i t a t i o n  wi th  ammonia gas.  The 

hydroxides were washed t o  remove excess  m o n i u m  s a l t s ,  and d isso lved  

i n  d i l u t e  hydrochlorf c  a c i d .  Se l ec t ed  s u l f i d e s  (copper,  a r s e n i c ,  

antimony, t i n ,  s i l v e r ,  palladium, bismuth) were p r e c i ~ i t a t e d  from t h i s  

s o l u t i o n  by a d d i t i o n  of hydrogen s u l f i d e  g a s  t o  remove eontiminn,nts 

belonging t o  t h e  a c i d  s u l f i d e  group. From a hydi-ochloric acid. con- 

c e n t r a t i o n  of t h e  o r d e r  0.3 - N, t h e  r a r e  e a r t h s  were then p r e c i p i t a t e d  

a s  oxa la t e s .  A f t e r  washing, t h e  oxa la t e s  were d i s so lved  i n  concent ra ted  

n i t r i c  a c i d  conta in ing  potassium bromate. The s o l u t i o n  was d i l u t e d  

and t h e  r a r e  e a r t h  hydroxides r e p r e c i p i t a t e d ,  The hydroxides were 

d i s so lved  i n  0.2 M hydrochlor ic  ac id  which was t h e n  d i l u t e d  t o  between 

pH 1 and pH 2. The s o l u t i o n  was e q u i l i b r a t e d  with Dowex-50 i o n  ex- 

0 
change r e s i n  f o r  f i v e  minutes a t  95 C .  

Ceriun.-- I n  a d d i t i o n  t o  s e p a r a t i o n  by t h e  gene ra l  procedure, 

cerium has a l s o  been separated frorr, t h e  o t h e r  r a r e  e a r t h s  by ox ida t ion  

t o  cerium(1V) and p r e c i p i t a t i o n  of  c e r i c  f oda te ,  C e r i e  phosphate 

p r e c i p i t a t i o n s  have a l s o  been used t o  s e p a r a t e  cerium from the  o t h e r  

r a r e  e a r t h s .  

Europium.-- Europium was separa ted  f  rorn t h e  o t h e r  r a r e  e a r t h s  by 

r educ t ion  t o  europium(11) w%th z inc  amalgam i n  a n i t rogen  atmosphere. 

The o t h e r  r a r e  e a r t h s  were p r e c i p i t a t e d  as  hydroxides from a cmbona te  

f r e e  s o l u t i o n  l eav ing  t h e  europium(11) i n  s o l u t i o n .  The europium 

was recovered by ozone o x i d a t i o n  to europiwn(1II)  and hydroxide o r  

o x a l a t e  p r e c i p i t a t i o n .  The cyc le  may be repea ted  f o r  a d d i t i o n a l  

p u r i f i c a t i o n .  
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Column Separations -...- - ,--- 

The res in ,  with adsorbed rare  ear ths ,  was placed i n  a band a t  t he  

t op  of a g lass  column 4 mm i n  diameter and 1 0  cm. high, previously packed 

with Dowex-50 res in ,  and eluted with constant bo i l i ng  ( - 6  g) hydro- 

ch lo r i c  acid a t  a temperature of 87O~,  using a flow r a t e  of approxi- 

mately 0 .1  ml per minute. After  about two hours, the  r a r e  ear ths  

from iute t ium through neodymium had been e luted,  leaving behind about 

30 percent of the praseodymium, 50 percent of t h e  cerium, 00 percent 

of the lanthanum and a l l  of the  actinium with i t s  thorium daughter 

a c t i v i t i e s ,  The r a r e  ea r ths  were recovered from the  6 - N hydrochloric 

ac id  solut ion by prec ip i ta t ion  of the hydroxides with ammonia gas. 

The hydroxides were washed, dissolved, and equ i l ib ra ted  with r e s i n  

a s  before. The r e s in  w a s  then placed a t  t h e  t op  of a g lass  column 

7 mm i n  diameter and 20 cm high, previously packed with res in ,  and 

e luted with 0.25 M - ammonium c i t r a t e - c i t r i c  acid  solut ions  a t  8 7 ' ~ .  

Lutetium and ytterbium were separated by e lu t ion  with pH 3.19 c i t r a t e  

a t  a flow r a t e  of 0.11, m l  per minute. Y t t e rb iw ,  thulium, erbium, 

and holmium were separated by e lu t ion  with pH 3.23 c i t r a t e  a t  a flow 

r a t e  of 0.21 m l  per minute. For the l i g h t e r  r a r e  ea r ths ,  pH 3 -30 

and pH 3.5 c i t r a t e  solutions were used successively. Dysprosium- 

y t t r iwn  and europium-gadolinium were not separated under these con- 

d i t i o n s .  The dgsprosium-yttriun separation was made by e lut ion with 

pti 3.05 c i t r a t e  on another resin-packed column a t  room temperature. 
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Becovery and Chemical Yield - A- ....."---------- 

By means o f  a t u r n t a b l e  ac tua t ed  by a mic ro f l ex  t h e r ,  samples 

of  t h e  e l u t r i a n t  were co l l ec t ed  a t  r e g u l a r  i n t e r v a l s .  Small a l i q u o t s  

of t h e s e  samples were mounted on ccunt ing p l a t e s  f o r  ra.dioassay. Prom 

t h e  p l o t  of r e l a t i v e  a c t i v i t y  ve r sus  sample number it was p o s s i b l e  t o  

i d e n t i f y  t h e  va r ious  peaks r ep re sen t ing  t h e  separa ted  r a r e  e a r t h s .  

I d e n t i f i c a t i o n  of  t he  peaks was made more d e f i n i t e  by s p e c t r o g r a ~ h i c  

a n a l y s i s .  

From t h e  r ad ioas say  p l o t  it was p o s s i b l e  t o  s e l e c t  t h e  samples 

comprising a g iven  peak which were f r e e  from any contamination by t h e  

m a t e r i a l  comprising neighboring peaks,  These samples were combined 

i n  a small erlenmeyer f l a s k  and fumed with s u l f u r i c  a c i d  t o  which a 

few drops  of selenium(1V) so lu t ion  were added as a c a t a l y s t .  The 

d e s t r u c t i o n  o f  t he  c i t r a t e  was completed by adding  pe rch lo r i c  a c i d  

and h e a t i n g .  The r a r e  e a r t h  was recovered by p r e c i p i t a t i o n  as t h e  

hydroxide.  A f t e r  washing out  t h e  anrnoniwn pe rch lo ra t e ,  t h e  hydroxide 

was disso lved  and t h e  axa l a t e  p r e c i p i t a t e d .  The oxa la t e  was d r i e d  

i n  a vacuum d e s i c c a t o r  a t  room temperature,  and weighed t o  determine 

t h e  percentage recovery of t h e  r a r e  e a r t h .  (The oxa la t e  was s e l e c t e d  

f o r  t h e  g r a d m e t r i c  a n a l y s i s  because of t h e  high n io lec t~ lar  weight of 

i t s  s t a b l e  hydra te .  I n  this way small amounts of a r a r e  e a r t h  could 

be determined wi th  g r e a t e r  accuracy s ince  t h e r e  a r e  two t o  t h r e e  

g r a m  of t h e  compound p e r  gram of  r a r e  e a r t h . )  
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APPENDIX I1 

L e t  u s  cons ide r  d a t a  which a r e  of t h e  fo l lowing  fc~orm: (1) t h e  

t o t a l  y i e l d  o f  i s o b a r s  of charge Z-1  o r  l e s s ;  (2)  t h e  independent y i e l d  

of t h e  i s o b a r  o f  charge 2; and (3)  t h e  t o t a l  y i e l d  of i s o b a r s  of  charge 

Z + n + 1 o r  g r e a t e r ,  where n i s  t h e  number o f  i s o b a r s  no t  a v a , i l a b l e  

f o r  chemical s epa ra t ion ,  i . e . ,  stxible o r  s h o r t  l ived.  i s o b a r s .  Le t  

t h e  a r e a  under t h e  his togram be equal  t o  u n i t y .  Now l e t  u s  d e f i n e  

a func t ion  E(x) such t h a t :  

X be ing  t h e  a b s c i s s a  with t h e  c e n t e r  o f  t h e  curve  taken as t h e  o r i g i n ,  

X being expressed i n  u n i t s  of t h e  s tandard  d e v i a t i o n  o f  t h e  curve.  

Then i f  we d e f i n e  y as shown i n  F igure  6 ( t a k i n g  y as a  p o s i t i v e  number 

when i n  t h e  d i r e c t i o n  shown), and the  width o f  one b lock  of t h e  h is to-  

gram ( i n  X u n i t s )  i s  a ,  t h e  experimental d a t a  may b e  descr ibed  as 

p ropor t iona l  t o  E( y j  , ~ ( y - a )  - ~ ( y )  , and ~ ( b )  . 
Figure 7 g i v e s  E ( ~ ) / E ( ~ - ~ )  as a f u n c t i c n  o f  y  f o r  v a r i o u s  va lues  

of a .  Frolo t h e  experimental value f o r  E ( ~ ) / E ( ~ - U )  one ob ta ins  from 

t h i s  c h a r t  a  t a b l e  g iv ing  y a s  a func t ion  of a .  

Bow 

s o  w e  have 



and 

theref  o re  

E(y) = f 3 (u) (AIT-5) 

t h e  r e f  ore 

where E ( ~ ) / E ( J T )  can be obtained from t h e  experimental data,  Fquasion 

(AII-'I), of t he  form f,(cl) = cons t an t ,  can then be solved by g raph ica l  
J 

means, giving a  value f o r  a, hence f o r  y, and hence l o a a t i n g  Z, t h e  

c e n t e r  of t h e  curve as 

Since a. h i s tog ran  block h a s  a width o f  1 charge u n i t  and G standard- 

dev ia t io r ,  u n i t s ,  t h e  s tandard  d e v i a t i o n  of t h e  curve i s  l / c l .  
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LIST OF IHZliSTRATIONS 

Figure 

1. The d i s t r i b u t i o r ?  of t o t a l  fission product, y ie lds  a s  a fur,ct,ion 

of m ss number. 

2. Decay schemes f o r  i s o b a r i c  cha ins  of n~ass 140 and o f  mass 156. 

3. Standard curve of e r r o r  histogram f o r  mass 140  i s o b a r i c  chain.  

4. Standard curve of e r r o r  his togram f o r  mass 166 i s o b a r i c  c h a i n ,  

5. Hypothet ical  contour  r e p r e s e n t a t i o ~  of bombardment product f i s s i o n  

p r o b a b i l i t i e s  and contour  r e p r e s e n t a t i o n  of f i s s i o n  pr*oduct 

y i e l d s .  

6. I l l u s t r a t i o n  f o r  t h e  f i t t i n g  of a normal c w v e  o f  e r r o r  t o  

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

7. ~ ( ~ ) / ~ ( y - a )  as a func t ion  of y f o r  va r ious  a. 
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