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1 0 Intro8uc t fon i  
\ I 

I n  -the separa t ion  an9 use of  r ad ioac t ive  alJ3stancea B t  f s  frequan%ly 

inorganic separa t ion  procedures are ilsuaily, n o t  d i r e c t l y  appileable and s p e c i a l  

izethods m m t  be employed, Many of Ynese methods were orfgfnaL9y devebped l a  

%he inwatfget tfon o f  me na.i;uraY-y radfoac t ive  elements Even p r i o r  ' t o  t.>e 

general acceptance of %he 5heol-y of' i ao topy ,  a great  d e a l  o f  information had 

a l r eady  been ob+suained on %he ehenical behavior of unwefghable aniounta cf the 

shors-lived radioelemenzs including methods for tjnefr Sepam tion and k o l a  t i o n  

Although f e w  generalfza t fons  ne= then poaafble, the in t roauc t fon  of  -the 

d i s i n t e g r a t i o n  theory whfch W ~ B  SOOR followetl by the  arrangement 

e l e m n t s  i n  t h e  perfo9fs  table  r a p f d l y  r e su l t ed  i n  a f a i r l y  comprehensive 

+l%fs document f e  b e e &  on work performed uniier Contrnst no. 7405-eng-S8-A for*tl?e 
AtomXc Energy Commission, 

Non-trammutatioc nuc lear  yeac t ions  m y  a l a s  be used tc produce c a r r i e r - f r e e  

rd i lo i sc topes .  A Fuwese3flzY Bepapation i n  carsea where the  target and prcduet  are 

fsozopic dependg on the  removal of t h e  rad ioac t ive  ~ireleuii  finom ite chemical. bond 

in 'the mxgm 61- parent compound a~ a r e s u l t  of isomeric t r a n s i t i o n  (16~17) o r  

r e c o i l  (,ib,ns) 

a t  prsberit no t  gsnerally practical f o r  Yne production o f  c a r r f e r -  free tracers 

/ 

~ h e s e  memods alt;no?m& 9-f comideraPYe t h e o r e t i c a l  interest a r e  
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underatanding of  many of the  unfque chemfcal, physfcal end bfo logfca l  proper t fes  

of mwefghable alliounts of t he  radioelements found f n  the  n a t u r a l  decay series, 

Probably, however, t he  most extenRfve developments i n  the  ehemis t r y  

of  t he  radioelements i n  extreme d i l u t i o n  'have followed the discovery of a r t f f i c i a l  

r ad ioac t iv i ty .  

r e su l t ed  i n  a tremendous increase  i n  the number ana. a v a i l a b i l i t y  of radiofsotopes 

The development of the  cyclotron and the  chain-reacting p f l e  

that  can be produeea i n  the  c a r r i e r - f r e e  state, And with t h i s ,  there  has been 

a correspondfng increase  i n  our understandfng of  t h e  fundanrental p r inkfp les  of  

the separa t ion  processes Mny new technfq.ues,partfcuParly adapted Lo c a r r i e r -  

free radioisotope separa tion,9 have been developed These techniques and those 

previously employed in c l a s s i c a l  radiochemistry have been successfu l ly  used i n  

t h e  s e p a r a t i o n  of c a r r i e r - f r e e  rad iofso topes  of most of t h e  stable elements ana 

f n  the dfecovery and preliminary chemical f d e n t f f f e a t i o n  of s eve ra l  new elementso 

The use of ca r r i j e r - f r ee  techniques is  e s s e n t i a l  i n  ce r t a in  types of 
* (  

research and highly des i r ab le  i n  many o the r s ,  

important t o  most investig;a t i o n s  involvfng those radioelements, e i t h e r  a r t i f i c -  

i a l l y  produced o r  n 8 t u r a l l y  occurring, of which no s t a b l e  i so topes  have been found 

i n  na ture .  

fnvfsibPe amounts necessa r f ly  de l fmf ts  t he  type of chemieai technique which can 

be employed in t h e i r  manipulation. The i s o l a t f o n  o f  c a r r i e r - f r e e  radfcfsdtopes 

of  t h e  s t a b l e  elements a l s o  i s  important i n  seve ra l  widely d f f f e r i n g  ffePda of 

It is ,  of course, funlamentally 

Tne f a c t  - t h a t  these substances a r e  normally encountered o n l y  i n  

research. I n  chemistry they have been used t o  inves t iga te ,  ( 8 )  the  chemical 

p rope r t f e s  of t he  elements a t  extreme d i l u t i o n ,  (1) adsorptfor, phenomena, and 

( e )  the  proper t fes  of md ioco l lo ids ,  i n  addf t ion  t o  ( d )  t h e i r  use a s  t r a c e r s  

f n  many chemical problems i n  which hi& a f l u t i o n  f a c t o r s  are important, 

free radioisotope preparations a r e  a l s o  des i r ab le  f n  c e r t a i n  types of physical  

measurement; f o r  example, i n  the  cha rac t e r i za t ion  of low-energy nuc lear  rad ia t ions ,  

Carrier- 

the  use o f  a ' v m s s - ~ e s ~ "  source is important ' t o  i n su re  mall  se l f -absorp t ion  and i n  
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mase spectrogm*pl:ic determine t i o n  of nuclear  p rope r t i e s  t o  a b t a i i  a mximm 

eensi  ti, v i  t y  

The wiiiest use of c a r r i e r - f r e e  a c t i v i t i e s  and probably one o f  Yne most 

s i g n i f i c a n t  ia % h e i r  ap-plicstion t o  b io iog iea l  ana meaieal =Bear 

prepamt ions  m y  be added t o  b io log ica l  systems without changing the  miss o r  

c m c e n t r s t f o n  o f  the stable element o r  compomd a l r eady  Eresent, . Thfe s i t u a t i o n  

is e x t i e m h y  desirable, for example, f n  metabolic s tud ies ,  i n  'the i nves t iga t ion  o f  
.I 

t m c e  elenient f m c t i c n s  and i n  the use of radfofaotopes a e  i n  vivo r ad ia t ion  

i source~ An important medical problem involving the  metabolism of c a r r i e r - f r e e  

-- 

radioiaotopes has r e su l t ed  from the quan t i ty  production o f  plutonium, The need 
I 

f o r  l a a e s t i g a t i n g  the rad io toxico logica l  hazards of t h e  f i s s i o n  products and of 

t he  tmnsumnium elements , neptunium and plutonium, has n e c e i s i  &tea the  b io log ica l  

teatfag o f  each o f  the radioisotopes i n  the  c a r r i e r - f r e e  form i n  which i t  would 

c 

r 

+ 

be encountered 'in the p l u t o n i m  proces8, 

t he  hea l th  hazams  of these  mater ia l s  a g r e a t  d e a l  of' i n f o r m t i o n  has  keen ot ta ined 

on tne metabolic proper t iee  o f  t he  radioiaotopes produced i n  f i s e i o n ,  

11, Sources of Carr ier-Free Radioisotopes 

Because of  the  importance of  eva lua t ing  
I? 

r 

The cha in- reac t ing  p i l e  and the  cyclotron a r e  the  only p r a c t i c a l  sources 

o f  c a r r i e r -  free radioisotopes although a few usefu l  radioisotopee a A  s t i l l  obtained 

from the n a t u r a l  decay series, The important nue lear ' reae t ions  f o r  eeeh of these 
I .  

3 

modes of  production a r e  described b h e f l y  below, - 
P i l e  Reactioas: Neutrons a t  p i l e  energ ies  produce radfofsotopes i n  the  c a r r i e r -  

free state by f o u r  main types o f  nuc lea r  transmutation reactfons.  
, 

(1) Nuclear f i s s ion ;  I n  t h e  compTehensive inves t iga t ion  o f  the rad ioac t ive  

,. spec ies  formed i n  the  f i s s ion  o f  uranium more than 160 radioac t ive  i so topes  have 

been i d e n t i f i e d  ranging i n  Yne case o f  $35 f i s e i o n  from z - 30 ( z inc )  t o  z = 63 

(europfzm), and rrom A = 72 t o  A = 158, 
-.. 

A s  a r e m l t  o f  t he  fact  t h a t  the neutron 

exceas o r  ,233 is considerably g r e a t e r  than t h a t  required f o r  s t a b f l i t y  i n  t h e  

f ies ion-product  region, the p r i m a q  f iss ion-product  nuc le i  achieve s t a b i l i t y  through 

246 004  
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-. successive f3- decay givfng rise t o  f i s s i o n  product chafns,  

i n  each chain, their re la t ionships ,  t h e i r  mass assignment and y i e lds  have been 

determlned i n  moat cases (1,2) ., 

of normal p i l e  operation, only a f e w  have h a l f - l i v e s  s u f f i c i e n t l y  long t o  warrant 

the i r  rout fne  separa t ion ,  

greater than one week a r e  described i n  Table I. 

The radioisotopes 

Although these  radfoisotopes a re  by-products 

The major rad ioac t ive  f i s s i o n  products of h a l f - l i f e  

Most o f  these  a r e  avaiPable i n  

c a r r i e r - f r e e  form from the  Isotopes Division, Atomic Energy Commission, Oak 

R i d g e ,  TennesEee ( 3 )  

, (2) Neutron capture  (n,y> fol loded by fl emiseions W i t h  the  exception 

of the  (n , f )  react ions,  the (n,.r/> reac t ion  i s  the  most important source of 

c a r r i e r - f r e e  radioisotopes i n  the  p i l e ,  Although the  (n,y) reac t ion .  a lone r e s u l t s  

i n  the  production of  radioisotopes which a r e  Isotopic  with the target element 

and hence n o t  separable  i n  the  c a r r i e r - f r e e  8 t a t e9  it my be u8ed t o  produce 
l 

c a r r f e r - f r e e  radioisotopes f f  the proauct isotope aecays t o  give a rad ioac t ive  

descendant ., ,. 

Table I1 descr ibes  the  c a r r i e r -  free radioisotopes which a r e  rou t ine ly  

The a e t i v a t i o a  eros8 
$ 

produced i n  the  p i l e  using t h i s  type of  nuc lear  reac t ion ,  

s ec t ion  of  the target isotope and the c h a r a c t e r i s t i c s  o f  the '  rad ioac t ive  descendant 

a& a l s o  l i s t e d ,  

( 3 )  ( 4 )  - Neutron capture  with proton and alpha p a r t i c l e  emiBsion, (n,p) (n,Z) 

A f e w  important (n,p> and ( n 3 a )  transmutation reac t ions  a r e  posai%le w i t h  
rea@ t ion:  

pile neutrons,  These a r e  confined t o  t h e  production of Adfoisotopea of the  

l i g h t e r  elements because only a neg l ig ib l e  f r a c t i o n  of p i l e  neutrons have energfee 

s u f f i c i e n t  t o  overcome the  p o t e n t i a l  b a r r i e r  t o  chanee p a r t i c l e  emission above 

2 = 20, Resonances i n  c e r t a i n * n u c l e i  a l s o  permit (n,p) and (rig%) reac t ions  t o  

proeeea with neutrons of low energy, 

produced by (n,p) and (n3cl> r eac t ion  i n  the  p i l e ,  

I \ 

Table E1 l i s t s  the  mdiofsotopes vhich a r e  
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TABLE I 

MAJOR RADIOACTIVE FISSION PRODUCTS OF HALF-LIFE GREATER 1 WEEK (1,2,3) 

r “ I  . 

w 30 Y 0 065 none OiO35 
Sr 90 

Zr 95 
Y9l 57 a 1.53 none 1.25 

65 d 0 4 394 (98N 0 0 73( 93%) 1.35 
I ”  

35 d 0.154 0.75 1 d7 Cbg5 

99 TC N 5 X 1 0  5 Y 0 3 2  none 0.7~10- 6 ~ 

0.9 42 d 0.3 (95%) 0.56 - 
Ru 103 

1 .oy m0,03 none 0.065 

TeIBm 32 d I .To 0 .lo2 0.03 . 

0.065 

0.66 0.032. 

106 Ru 

90 d I .T. 0.086 0.0075 Te127m 

8 a  0 35 5 0 60 0 ., 63 ; 0 36 ; 0 28 ,131 

CS 33 Y o .55; 0.84 137 

12.5d 1.05 0 0529 0.35 
-140 

0 - 2  1.0 ce141 28 a 0 066 

2-75 d 0 03 
144 Ce none 0.85 - 

13.8a o -83 none 0.4 ~ 4 4 3  

,147 

Pm 147 
’ .11 d 0.90 0.55 * 0.12 

3 07s 0.22 none 0.14 
, 

# .  
r 

3 *Relative amounts of f i s s i o n  products co-exis t ing  one month from the  end o f  a 
L -  

several-month exposure o ’  Ref o (1) 
. .  .. 
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TABLE‘ I1 

-2 A- CARRIER-FREE RADIOISOTOPES PRODUCED I N  TBE PILE 
BY ( n  9 y )  J%3ACTION FOLLOWED BY, DECAY ( 2,3-,4) . 

41 0 9 5  35 ‘ d  Zrg4 17.4 65 d 

43 Tc97m 934 d Ru 96 5 0 6 8  00n5 2.8d 

5 Mo 98 24,1 0 415 0,lO 67 h &3 Tcg9 9.4X10 Y 

0 0 122 4.4h 

55 cep31 10 0 2d. ~ 1 3 0  0 .lo1 12 (I oc1 

59 P r I 4 j  1309d Ce142 1107 33 h 
c 

1605 11 “06 6.1. pm147 3.7Y 
61 ml@ 47 h 6.8 1.7a 

63 Ell155 2 Y  -154 22053 1 , l O  25 m .k 

I 79 3 03d Pt198 7 02 3 092 0,292 31 m 

84 F O ~ I O  140 d BiX9 100 0 015 0 0015 5 .od 

B- CARRIER-FREX RADIOISOTOPES PRODUCED I N  THE PILE 
BY (n,p) AND (n,a) REACTION 

Radioisotope Ha l f - l i f e  Produced by Reference 

H3 12 y L i  (n  9a) 955957) 

,Iec 5100 Y N b , P )  (64965 9%) 

P32 14 3a S(n9l-4 ( 78979 3 80 9 81982! 

s35 87 ., i d  C l b 9 P )  (83 9849799 67) 
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Cyclotron Reac t i ons  

The c rc lo t ron  i s  the only source of a large number of usef'ul c a r r i e r -  

free radioisotopes which are n o t  ava i l ab le  from p i l e  sources (2,3) " . *  I n  addi t ion,  

although a des i red  radioisotope may be produced i n  the p i l e ,  h a l f - l i f e  and 

o the r  technica l  l imi t a  t fons  may make cyclotron i r r a d i a t i o n  the  more p r a c t i c a l  

method o f  production, 

With the exception of t he  (n, f )  react ion,  charged p a r t i c l e  bombardments 

d i f f e r  from p i l e  r eac t ions  i n  the greatel p r o b a t i l i t y  of concurrent  reac t ions .  

This i s  p a r t i c u l a r l y  true a t  the h igher  bombardment energies .  

deuterons, f o r  example, th ree  and occasional ly  fou r  rad ioac t ive  elements may 

%t produced concurrent ly  from the  target element (8) 

h igher  than t h i s  (N'100 MeV) a. whole spectrum of transmutation products a r e  

observed 

With '20 MeV' 

At1  energ ies  considerably 

Reaction products coverfng a range from the  region of the  target 

nucleus down t o  nuc le i  about 20 ma~s u n i t s  l i g h t e r ' a r e  produced by bombaament 

with p a r t i c l e s  having energies  i n  the hundred mi l l ion  v o l t  range (9,10,140). 

i nd ica t e  these reac t ions  i n  which exc i ted  nuc le i  are degraded by lo s ing  one o r  

more nucikons, t he  term s p a l l a t i o n  has been suggested. 

ficially produced tracers are produced by the relatively simple r eac t ions  involving 

the  emission o f  n o t  more than three  o r  f o u r  nuc lear  p a r t i c l e s .  

To 

The majori ty  o f  the arti-  

B e C a U E e  of the  g r e a t  v a r i e t y  o f  nuc lea r  transmutation r eac t ions  (2,3)' 

which can be brought about by deuteron, proton and alpha p a r t i c l e  bombardment, 

it i s  f requent ly  poss ib le  t o  produce a des i red  radioisotope by seve ra l  d i f f e r e n t  

types of nuc lear  reac t ions .  

employed, s e v e m l  f a c t o r s  must be considered, including (1) t h e ' y i e l d  of the  

des i red  radioisotope,  ( 2 )  the  relative y ie lds  of t h e  poss ib l e  concurkent s i d e  

react'lons, ( 3 )  t he  probiem of  the  u l t imate  chemical separa t ions  of  the  desired 

product, and (4)  the+ chemical cnd physical  l imi t a t ions  which must necessa r i ly  

be imposed i n  the  choice o f  t a r g e t  mater ia l  f o r  charged p a r t i c l e  bombardment. 

I n  determining the  p a r t i c u l a r  r eac t ion  t o  be 

' 
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eonsideratfans (1) and (2)  are aiscussed below and ( 3 )  and (4 )  are covered i n  

the aeetfon on separat ion .procedures .. 
I .  

Deuteron Reactions I 

For the  proauction of many usefu l  radioisotopes "in xhe c a r r i e r - f r e e i -  

state the react ion types ( a , ~ )  (d,2p) (d9n>(d,2n)  are the most important, m e  

(6,a) and (d92p) lreactfons a r e  most usefu l  i n  producfng radioisotopes of iower 

atomic, number 'because of the po ten t i a l  b a r r f e r  t o  ehargea par t f e l e  emfssfon 

which increases  with atomic number. Although the y ie ld  of these react ions increases  

wi th  deuteron energy, a t  the  higher  energies the  (d,n> and (a,&> reac t ions  become 

re l a t ive ly .  more important f o r  t he  elements of  higher  atomfc number. 

reac t ion  9s r e l a t i v e l y  unimportant i n  the production of  p r a c t i c a l  amounts of 

The (d,up) 

raaioieotopes although the  p o s s i b i l f t y  of t h f s  reac t ion  must be consldered as a 

source o f  rad i oac t i ve c ontamf na t i on 

In  prac t ice ,  the above transmutation reac t ions  and the  non-transmutative 

(d,p) reac t ion  a l l  occur concurrently,  with reac t ion  p robab i l i t i e s  determined by 

the  energy o f  the  bombarding deuteron and by the  atomic number o f  the  t a r g e t  nuc le i ,  

The reac t ion  p robab i l i t y  (+) of competing reac t ion  types and t h e i r  energy dependence 

e t  y i e lds )  have been determined f o r  a number of  t a r g e t  elements using the  

s tacked-fo i l  technique (30) ., Nuclear reac t ions  f o r  which exe f t a t ion  M e t f o n s  

((F versus E)  have been determined are l i s t e d  w i t h  references i n  Table 111, I n  

radioisotope production by charged p a r t i c l e  'bombardment the  target is general ly  

th i ck  enough t o  absorb the  e n t i r e  beam, Thick target y ie lds  may be obtained by 

graphical  In tegra t ion  of tke p a r t i c u l a r  exc i t a t ion  function involved ( 3 0 )  , although 

umally they are obtafned d i r e c t l y  from Lh€ck-Large,t bombapdmenter 

th ick- ta rge t  y ie lds  f o r  charged p a r t i c l e  reac t ions  are given i n  Table IY, 

Alpha ? a r t i c l e  (Eelim ion)  Reactions 

Available 

Alpha-particle capture followed by neutron emf8sfonp (a,n) (a,&) (u,3n) 

react ion,  is  usef"ul i n  the production of c e r t a i n  z-adfoisotopes, p a r t i c u l a r l y  of  

e heavier  elements, The p r inc ipa l  advantage of this type of reac t ion  is the  

double increment i n  atomic number, The (a,xn) reac t ion  is important, f o r  example, 
gs, d,/ I 9 



ucm- 1067 
1 .  

i n  the prepamt ion  o f  radioisotopes of a s t a t i n e  (2 = 85) because the only p r a c t i c a l  

t a r g e t  element f o r  t h i s  reayt ion i s  bismuth (2 = 83)0 

( ~ ~ , p ) a n d  (3,pn) a r e  more p r o b b l e  with elements having low atomic 

The reac t ions  of  the type 

im3ers because 
. ,  

of the  p o t e n t i a l  b a r r i e r  t o  charged p a r t i c l e  emission. 

a lpha-par t ic le  reac t ions  are included i n  Table 111, 

In  Table IV, 

Proton ReaetfonEi 

Exci ta t ion  functions for 

Thick t a r g e t  y ie lds  are given 
. I  

. .  I 

A l l  o f  the transmutatfon reac t ions.  induced by: proton bombardment can 

%e duplicated,  as  far a s  c a r r f e r - f r e e  radioisotope production is concerned, by 

deuteron bombardment. 

general operat ion considerat ions and because h igher  energies  are more r e a d i l y  

obtained. Yie ld  da t a  for a few proton reac t ions  are given i n  Tabl.es III' - IV, 

t 

Deuterons are usua l ly  favored over protons because of 

0 

TABLE: I11 

EXCITATION FUNCTIONS OF TRANSMUTATION REACTIONS 

TABLE OF REFIWZNCES 
\ 

Target Reference Transmutation Reactions  ax. Energy i ~ e v )  ' -- 

C 

N 

A1 

s 

'- C1 

Fe 

. .  

3.5 ' 

14 
. .  

. .  

1 '  . -  

14 . . 

10 

610. 
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HABIIF 111, CONT'D 

- _  
Target - Reference Transmutation Reae tfons Max. berm (MeV) 

B r  (30) 

Rh (47) 

(471 

(49) 

Ti ' ( 3 9 )  ' 

Pb (389 

131 (35)  

(39) 

In(a ,  n) Sb118; In(  u , 2n) Sb117; In(  ab 3n') Sb116 

Au( d, 2n)Hg1g7 

Tl(d,n)Pba'  

Pb ( d ,n) Bf 207 

B i ( dl , n ) Po21o 

B i (  d ,n)Poa0 

Bf (d,n)Po*"; Bf (d  , 3n)Po 

Bf (  d,n)Po 

B i  (a %)A t2I1 ; B i  (a , 3n )A t210 

208 
\ I  - .  210 

4 

5 

16 . ' 

4.0 

1305 

19 

9 

19. 

37 

38 

9 

9 

9 

9 

9 

19 

14.5 

38 
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=F - . A - ,  'IPZICK TARGET YIELDS OF SOME ARTIFICIAL RADIOELEMENTS -Ref ,  ( 7 0 )  
. I t  

3 

Yields are given i n  terms of micr 

microcurie refers t o  the  absolute  number of d i s in t eg ra t ions  p e r  second? 

a r t f f f c i a l l y  prepared radioelement: egra t ions  ' per  seco 3.7 x 104 d 

, ' i  , def in i t i on ,  however, does not  apply t o  those radioelements: whose y i e ld  values are 

enclosed i n  parenthesis  s ince  they are a l l  substances decaying by K ea 

%$e measured rad ia t ion  contains varying proportione of x - q y s ,  gamma rays, and 

i n t e r n a l l y  converted e lec t rons ,  

f ~ t  a comparable one and simply fndicgtes  t h a t  the amount of ion iza t ion  produced i s  

equfvalent w i t h  

radioact ive standard,  

was employed f o r  these measurements. 

In  such instances,  the value of the  

, ".* 
, t  

the  measuring device employed t o  t h a t  from one microeurie of the  

A Lauri tsen electroscope with a thin-walled aluminum window 
rn The t o t a l  a i r  equivelent  of t he  window together  

w i t h  the  d is tance  of the sample from the instrument t o t a l l e d  4 em. The ins t rukent  

was ca l ib ra t ed  by means of UXl standards which were covered with a s u f f i c i e n t  

thickness of aluminum f o i l  t o  screen out  most of the s o f t  UX,, betae and approxf- 
L 

mately l5$ of' the  more energet ic  UX2 beta p a r t i c l e s .  

table include yielda f o r  deuterons a t  energies  of 8, 14, and 19 MeV, and helfum,ions a t  

38 an8 44 MeV. 

The values presented i n  the 

The l a s t  column givee the  f a c t o r  of the  d i f fe rences  of' i so top ie  

abmdances of the  'target materials. Thfs correct ion.  was no t  appl ied t o  the  y ie ld  , 

data. I n  the  case of C 14 , the  value given i s  a ca icu la ted  one-assuming a bombardment 
- 

of 100 gal lons of sat-ted so lu t ion  of ammonium ni t ra te , ,  The a c c u q c y  of the '  ., 

underlined y ie id  values is believed t o  be accura te  t o  'p lus  ~ o r  -minus 25s. Those 

n o t  underlined are subgect t o  much greater e r r o r D  

. .  . . . .  . . .  - .  
. % .  . 

., . 1 ,  

. .  . >  I .  

. .  
. i  . . .  . .  , .  I .  

, .  

. .  
. . .  . . . . .  ., , . . . .  . . . .  . . . . .  . . . . .  . . ,  , . .  i '  . . .  . .  

. ,  .. , . .  ; ' ,  . -  
. I  

i ":, 
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1.2 

(0.10) (1.0) --- --- 102 

( L o )  --- . --- 
. --- J.8 (0.16) --- --- 

20.0 --- , --- - 
56 3 3 ~ ~ 3 3  

a4 pO2lo 

84 lpo2l0 

85 At211 

91,233 

. .  
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111, General Considerations i n  Carrier-Free Radioisotope Preparat ion,  Types of  
i. 

separa t ion  Processes 

Al though the  detai led methods which have been developed f o r  i s o l a t i n g  

c a r r i e r -  free radioelements are, extremely varied and depend on the p a r t i c u l a r  

problem a t  hand, a l l  are based on a r e l a t i v e l y  f e w  general  types o f  separat ion 

processes; (a) eo-precipi ta t ion,  (b)  leaching, ( c )  radiocol loid formation, 

. .  

(a) electrodeposi t ion,  (e )  ion-exchange, ( f )  solvent  ex t rac t ion ,  (8) d i s t i l l a t i o n  

( v o l a t i l i z a t i o n ) ,  Each of these i s  discussed b r i e f l y  below i n  tel.nfs of i t s  

a p p l i c a b i l i t y  Lo the  problem of  i s o l a t i n g  unweighable amounts of t he  probe c a r r i e r -  

free radioelement, o r  compound of  the  element, i n  aqueous so lu t ion  a t  a pH range 

of 3 t o  8 ,  F i r s t ,  because the.  Thfs c r i t e r i o n  has been adopted f o r  two reasons. 

most extensive use of c a r r i e r - f r e e  radioisotope preparat ion i s  i n  b io logica l  and 

me&ieaP usage f o r  which it is  usual ly  des i rab le  t o  obtafn k t i o a c t f v i t i e s  of 
\ 

extremely high chemical, radiochemical and i so topic  pu r i ty  i n  i so tonic  so lu t ion  
, 

of  sodium chlorfde,  sodium s u l f a t e  o r  o the r  non-toxic salt ,  

spec i f ica t fons  are general ly  high enough t o  meet requirements of almost aP1’other  

types of invee t i ga t ion  requi r ing  c a r r i e r - f r e e  radioisotopes 

(a )  Co-precfpftation: The separation of sub-microgram quan t i t i e s  of  radioelements 

from so lu t ion  by means o f  non-isotopic p r e c i p i t a t e s  usua l ly  involves a subsequent 

separat ion of t h e  radioelement from the c a r r i e r  p r e c i p i t a t e ,  

therefore ,  t o  use as eo-prec ip i ta t ing  agents,  substances which can be e a s i l y  

separated with a minimum amount of chemical and physical  manipulation, True 

co-precipitqtqon processes ( 6 ~ )  , (1 .e, , those cases  i n  which the  radioelement 

because of similar chemical proper t ies  i s  incorporated i n  the p rec ip i t a t e  through 

faomorphism o r  mixed c r y ~ t a l  formation) although t o  a l a rge  ex ten t  extremely 

Second, because t h e s e ,  

. 

It i s  des i rab le ,  . 

reproducible. and independent of p rec ip i t a t ing  conditions are no t  of great p r a c t i c a l  3 

importance p a r t i c u l a r l y  i n  the  i s o l a t i o n  of radioisotopes f o r  b io log ica l  research. 

The inherent  d i f f i c u l t i e s  involved i n  the subsequent separat ion o?t% chemically 2 r b  e; 
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similar radio f=quently more than Offset  features 

of eo-precfpf ta t fon processes 

l f m i  t fng vf t h  

This f a c t o r  haie, however, ’become somewhat less 

the fon,exehange technfque W F ) O  
* ) - “  , I ,  

 ore .generally in the separat ion o f  c a r r i e r - f r e e  ‘kc t i v f t i e s  a 9qscavengfng9P 

type of precfpf ta t fon  

ca r r i ed  down a s  a r e s u l t  of adsorption phenomena 

cases ,  the radfoelement f a  

Although p rec ip i t a t ion  r e a t i o n s  - 

of &hie type ai% qui&.? sens i t i ve  t o  changes i n  experfmenLRP conditfons and a r e  no t  

ae spec f f i e  as t@o eo-prec ip i ta t ion  react ion,  they have the important advantage i n  

that t h e  scavengfng p r e c i p i t a t e  can usua l ly ,be  chosen so t h a t  i t s  subsequent eeparatfon 

from the car r fe r - fme radfofeotope involves a minimum amount of mnfpula t ion ,  

mble V 

prec ip i t a t ion  react ions.  

ie a resume of some Important eo-prec ip i ta t ion  - scavenging typea of * 

A ser ious  disadvantage * o f  eo-precfpf talfon processes In . 

general is the  f ac t  that they involve the addi t ion  o f  mer0 amounts of c a r r i e r  

k t e r f a l  which may-contain fmpurit iee which are fsptopic  .with the  desfred radfo-. 

fsotope, I n  addi t fon,  co-prec ip i ta t ion  reactfons,  p a r t f c u l a r l y  those fnvolving 

ailsorption phenomena, a r e  frequent ly  spec f ff c only under rIgfdPy cont ro l led  

experimentel condf t ione (7) ., ’ 

muat exist, under th$ par t icwlar  experimental eondftions,  $8 a doluP>le compound and 

must not be p r e f e r e n t i a l l y  a d s o r b d .  o r  Incorporated In  the  insoluble  matqrial ,  the 

separa.tfon has had only a l imited,  gpplfcat90no 

(e  1 RaBfoeOPloid E’onjaPlfon: Carrfer-f’me radfoelemnents under eoridftions which 

n o r q l l y  r e e u l t  

) 

aolubf l f ty  product- conriftions ‘are not  t7 s a t i s f i e d ,  ~ ~ t h o u a  the exact nature  of 2116 L 
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this  phenomena i e  not  emt i re ly  e l ea r ,  et has.been suggested (6,581 t ha t  the radio-  

element becomes 

so lu t ion ,  SAdeo -y also occur on tie walls of t;he cqntaining veseel,  TMR 

phenomena has  been s a t i s f a c t o r i l y  employed i n  the fsola t i o n  of c a r r i e r - f r e e  

. radfofsotopes of R ~ V ~ X Z ~  e9ements, p a r t i c u l a r l y  mom forming spar ingly  soluble 

hydroxfdee; an alkal ine "eoPution'* of the carr ier-  fYee aetf,vity is  passed through 

filter paper o r  s in te red  glagis vhfch removee the radiseolPofda1 material by 

p r e f e r e n t i a l  adsorption 

weshed w i t h  w a b r  and then removed. wit21 dilute ac id ,  Radiofsotopee which have 

been separated w i n g  t h i s  4~ehnfque are shown 1x1 Table .v 

n o  inviettae quan t i iy  of adsorb+ m d i o e ~ e m e n t  i e  

B e  procedure ie 

' p a r t i c u l a r l y  usef i l  i n  the isolat ion of maisactive traeerei for b io log ica l  inves t f -  

gatton clfnce an isotonic  saline sollutioln may be obtained eimpYy by n e u t r a l i z i n g  

the hydrochloric acfa m a h o  

(a) 

free ~ t a t e  by methods fivolving elqetrodeposi t ion reac t ions  inc~uda ,  (1) e lec  tro.- 

El9cCrodeposi tfon: __. RadPoePsmnts which have been i so l a t ed  'In the carrier- 
I 

negat ive elements which am mduee& to tlhe metallic state $y displacement with a 

more e l ec t ropos i t i ve  ePernent sl- by 8x1 appbiedi electromotive fo rm,  (2) ePemepte 

whfeh fomn fnsolu'tzle oxfdes by anodic oxfdation reactiont3, '(3) elements which form 
\ 

insoluble  compounds with the electrode material aa a result of  efther cathodfed o r  

. enodic r@ectfons. Carrier-fma radioisotopes which hay! been eepimbd by elec'tro- 

deposi t ion reac t tons  a r e  g i v m  i n  V, Separa t io i  of * e - a c t i v i t y  from'the 

e lec t rode  material, pa.rtfcuParPy when platinum o r  o the r  'noble metale3 are ueecl, is 

ueual ly  accomplished by p r e f e r e n t i a l  d ~ s s o P u t i o n  of thd radtoelement, With a 

mercury caaode, the separat ion fe conveniently accomplished b y  v o ~ a  

In c e r t a i n  caser, however, the aepoeitea a c t i v i t y  can te removed only.by treatment 

w i t h  chemical reagente whieh reac t  wie&. theePectrod~ maberial necessibt%ng a 

subeequent separat ion.  to o$Pain a ekemfeally pram solutfon of the a c t f v i % y ' s u i t a b l e  

f o r  u8e i n  b io log ica l  e y ~ t e m s ~ -  

Y 

, 

, 1 .  

z;G 918 
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._ (e) Ion exchange: 

e l u t i o n  from ion exchange columns has become an exceedingly important process f n  . 

the  prepamt ion  of c a r r i e r - f r e e  radioisotopes,  p a r t f c u l a r l y  fn  the ca8e of the 

The separkt ion of t r a c e  amounts o f  ~adfoePements by selective 

1 .  

ca t ion ic  f i s s i o n  product elements Although fon-exchange methods had been pmvfousIy ' I 
us&, the  separat iomobtained were n o t  s u f f f e f e n t l y  good t o  warrant the  use of 

exchange adsorptfon phenomena i n  radioisotope separat ions u n t i l  the important e f f e c t  

of complexing agents on the adsorptfon-elut ion cycle  was recognized, 

of Sso la t ing  pure f'faefon products f o r  b io log ica l  t e s t i n g  resu l ted  i n  the develop- 

ment o f  t h f s  e n t f r e l y  new technique of ion-exchange separat ion which hae had its 

most important eppl ica t fon  f n  tSle separatfon o f  c a r r i e r - f r e e  radioisotopes of the 

rare e a r t h  elements from f fss fon  product mixtures (108)~ 

that a mfxkure of  c a r r i e r - f r e e  ffssfon product a c t i v i t i e s  adsorbed onto amberl i te  

o r  aowex 50 ion-exchange rasfn could be s e l e c t i v e l y  e lu ted  with a t i f lu te  aqueous 

The neeessf ty  

I n  t h i s  work it wae found 

so lu t ion  of organic eomplexfng acfds  buffered t o  a cont ro l led  pB with ammonfum 

hyaroxfde, I n  a t y p i c a l  separatfon, a d i l u t e  hydrochloric aefd  so lu t ion  of  ca r r f e r -  

free f i s s i o n  product8 is passed through a column o f  Ambe.rlfte W-1 o r  Dowex 50 ion- 

exchange r e s i n  which adeorbe the  a c t i v i t i e s  i n  a narrow band a t  the  top of t he  

c o l u m  After washing thoroughly w i t h  water, the  c a r r i e r - f r e e  radioiaotopes are 

s e l e c t i v e l y  e lu ted  with 5 percent c i t r i c  acfd so lu t ion ,  a t  a pH of f r o m  3 t o  8 

depending upon the type of resin,  t h e  rate of removal and the separat ion des i red ,  

Under optimum condi t ions,  the  method f e  s u f f i c i e n t l y  p rec i se  80 that a quan t i t a t ive  

separat ion of  nefghborfng rare e a r t h  elements m y  be obtained, 

c a r r i e r - f r e e  radfoieotopes i n  hydrochloric a c i d  so lu t ion ,  the  citric aefd e f f l u e n t  

To obtain the  

is a c i d i f i e d  t o  reduce the complexing ac t fon  of  the  c i t r a t e  ion and passed through 

a second column which readsorbs the a c t f v i t y ,  

acid,  the a c t i v i t y  l e  s t r ipped  from the  colwoln with 6 normal hydrochloric a c i d ,  

After washing with d i l u t e  hy&mchlorfc 
* 

. 

. The ion-exchange technique f e  the only p r a c t f c a l  method ava i l ab le  f o r  " 

separa t ing  many of the f i s s i o n  pmdueed radioisotopes fn high p u r i t y  and f n  a form 

which may be used i n  b io log ica l  inves t iga t ion  with a minimum amount of chemical 
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treatment anti manipulation. The important fon-exchange sepsratfons are surmnarfzed 

$ 8  in Table v 
- 

(f> Solvent Extraction: . The pe lec t fve  ex t r ac t ion  of a radfioactive * t r a c e r . a s  a 
- 

non-polar compound o r  complex from an aqueoua soPution 'kg an fmmfesfble organfc 
. .  

aolvant f a  f requent ly  the most s a t i s f a c t o r y  method of separa t ing  the activity. - 

from non-isotopfe substances which may be preeent  fn  e i t h e r  mer0 'or  micro concen- 
fi ,-. 

tra'tfonrs Y%eee. prscesees can often be made higR1y se l ec t ive  Solvent ex t rac  t fon  

fs a l s o  ueed t o  remove macro quant f t fes  of non-isotopic subetances f r o m  an aqueou8 

so lu t fon  of  a desfmdl c a r r i e r - f r e e  radioePement. Thfs method of removing a macro 

constfQxent from aolutfon is of  g r e a t  importance when eepamtfon by pmcfpf t a t fon  

wouldl r e s u l t  fn a subatan t fa1  losa of  the  e a r r f e r - f r e e  radibelement by eo-preefpf ta t ion ,  

. 

i 

As a rule, the  d i s t r i b u t i o n  r a t i o  of a n  ex t r ac t ab le  substance f e  more o r  

less independent o f  the i n i t i a l  concentration, b u t  t R e  fact1 t h a t  a favorable Bfs -  

t r i t u t i o n  ratio is obtained a t  m c r o  o r  even micro concentmt ion  l eve l8  does no t  

necessar f ly  mean t h a t  ecub-micro amounts of t he  substance w i l l  be ex t r ac t ab le ,  . 
- 

For example, c a r r i e r - f r e e  mcffo-iron cannot be ex t rac ted  i n t o  e t h y l  e t h e r  from 

'6EJ - hydrochloric although, as is well known, the dfe t r fbut fon  r a t i o  o f  fe r r ic  

eh lor fde  a t  higher eoneentratfons f a  s u i f f e f e n t l y  Parge to permit the u8e of 

., e t h e r  extraetfon a s  8 quant f ta t fve  eeparat ion processo Thfe concentration e f f e c t  . '  
r 

has been o%sepvea in other caBes aPeo and is generally assumed to i nd ica t e  that 

%e m l e c u l a r  weight of pa r t f t fon fng  erubertanee fe greater fn the organfe solvent 

as a r e s u l t  of polymerization 

concentrat ions a s  low 8 s  

same order  of magnitude a s  those obtained a t  the  macro l e v e l ,  

Ueually, however, c a r r i e r -  free ratliselemente a t  

M show ext rae t fon  coe f f i c fen t s  whfch'are of  the &' 

A number o f  organfc substaneee have been used t o  form extPactaPle non-, ' 

Compounds whfeh form . po la r  complexea o r  chelatea with c a r r i e r -  free radfoelemqnts 

soluble  non-polar complexes whose dfssocfa t ion  constants  o r  pE dependent are .par t feu-  

..e 

' 

Parly useful I n  separa t ing  a c a r r i e r - f r e e  radioelement from a mixture. 

separatfone a r e  aummrfeed in Table V 

Extrae%ion " 
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(g) Dfe t f l l a t fon  (vo la t f l f za t fon )  : Carrfer- free radioelements which have been 
. _, 

separated from solut ions,  melts and so l fde  by vo la t f l f za t fon  or dfstfPla . t fon 

I ,  processes a r e  shown i n  Table V 

conditions for the  vo la t f l i za t fon  of a c a r r i e r - f r e e  radfoelernent from s o ~ u t f o l i s  . 

and melts, f o e o ,  from a homogeneoua l i qu id  phase, are roughly equivalent t o  thoee 

found t o  be optimum f o r  macro quan t i t i e s  of the% element, although an inert ca r r f e r -  

gas is general ly  required.  I n  v o l a t i l i z a t i o n  separat ion from eolfds, the r e l a t i v e  

'behavfor o f  eub-macrogram amounts of a radfoelement i s  t o  a g rea t  ex ten t  dependent 

It has been found that the experfmental 

- 

0n the nature  of the s o l i d  and f t a  physical  &ate, I n  aome cases, ca r r f e r - f r ee  

mBisfsotopes of t he  fne r t  gama produced by tranemutation keactfona i n  e o P f b  

can be v o l a t i l i z e d  only af ter  the  so l id  t a r g e t  or parent  material has been fused 

o r  afrssolved i n  aqueous so lu t ion  (85,105) 

. Under proper experimental conditions,  very sharp separat ions c m  of ten  

be obtafned by vo la t f l f za t fon  methods, 

applicable, however, t o  the separat ion of ca r r f e r -  free a c t f v f t f e s  from solutfona 

and melts than from eol fds .  

of radioisotopes f o r  b io log ica l  research, f e  that the a c t i v i t y  e m  usual ly  be 

condensed i n  a emall volume of water or aqueoue eolutfon which can be uaed with a 

These procedures a r e  more generally 

0 

An important advanbge, p a r t i c u l a r l y  f n  t h e  feo la t fon  

minimum amount of add i t iona l  chemical treatment. 

. ,  . 
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;as Evolution 
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P u r i t y  Considerations 

Target Materials and Reagents: I n  preparing c a r r i e r - f r e e  radioibotopee o f  the  

stable e l e p n t s ,  c a r e  muwt be taken t o  insure  t h a t  minimum amounts of  igotopic  

-.7 

impurity a& preeent  i n  the  o r i g i n a l  t a r g e t  material and i n  the reagents uaed 

i n  the chemical, separat ione,  The precautions and technfgueB which are uaed i n  

conventfonal t r a c e  analyeJie (12) t o  prevent chemfcal contamhat ion a r e  d i r e c t l y  

~ appl icable  t o  the problem of  preventing stable fso topic  contamination i n  the 

preparat ion of c a r r f e r - f r e e  a c t i v f t i e s ,  , 

amount of iaotopie  impurity contr ibuted by the  t a r g e t  material, reagent8 and . 

veesele,  is t o  run a "blankn on the e n t i r e  eepamt ion  procees, Spectrographic 

ana lys i s  of the, f i n a l  product w i l l  i nd ica t e  the ex ten t  of $he iaotopfc contamfny 

t i o n ,  

A useful method 04 e s t f m t f n g  the 
! 

, /  . 
- *  L 

The a v a i l a b i l i t y  and sources of elemente and compounds i n  high p u r i t y  

forma has been &iscussed elsewhere (11) ., 
- 8  

~ . ,. 
Although atable  isotopee a s  well as rad ioac t ive  iaotopea o f  t R e  des i red  . 

element m y  be produced i n  the transmutation react ion,  the amount of  element 

ao produced is  genera l ly  small i n  comparison wfth the amoun? of s t a b l e  i so topic  

material whi'ch may be added unknowingly i n  the  separat ion p$oceean This may be 

the c a m  even though the i eo topic  Impurity cannot  be detect& using the  moat . 

s e n s i t i v e  a n a l y t i c a l  procedures, The only radioierrotope pregaratiomwhich / /  can I 

be obtained abeolutely free from admixture w f t h  e t ab le  feotopfc mterial'are of  
-' 

couree those o f  elemente.which do n o t  occur n a t u r a l l y  i n  de tec tab le  amounts, 

Although t h e m  is a c e r t a i n  ambiguity i n  the term "ca r r i e r - f r eew i n  deecr ibing 

radioisotope preparat ions of the  s t a b l e  elementa, it f a  gene'mlly ueed, a8 ivt 

ie i n  the  preeent  papers t o  ind ica te  t h a t  e t ab le  feotopie  c a r r i e r  nolaterials 

w e r e  n o t  added t o  f a c i l i t a t e  the separa t ion  and t h a t  g 9 ~ a ~ ~ n 3 b l e "  pmcautioner 

were taken t o  inesure that chemicale of maximum p u r i t y  were used, 

Radioehemfeal Contamination: 

chemical contamination i n  radioiaotqpe preparationrs can be ePilnfnated by a proper 

1 

. 1  

. 

Although many o f  the  possible'* aoureea of radio- 
i 

' choice of  target mater ia le ,  bombareled energfee,' separat ion proceee, e t c , ,  

pG6 826 
- 
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ra&foebemicaE ana lys i s  of the  f i n a l  preparat ion i s  ;zauaPPy requfmdl. 

ra8fochemfcal p u r i t y ,  the a a f e e t  procedure i~ t o  em$loy both physical  and chemical 

methods, the fomer baaed on conafderatfon of  half-life and racliation character-  

i e t f c s  and the Patter involving conventional a n a l y t i c a l  Beparatfons uefng adlded 

In determining 

auepee ted of befng produced under the p a r t i c u l a r  bombardment condi t ions employed ., 

]DetaiPed pro&edtures f o r  the  detec t fon  and i d e n t i f i c a t i o n  of  rad ioac t ive  contamfnants 

have been diecussed i n  considerable d e t a i l  elsewhere ( 2 3 ) 0  1 

Target  P repamt iom:  From the standpoint  0f yfe ld  of  padfoaetfse product pe r  gram 

of bombardlea material, t he  most desfrabfe t a r g e t  subatanee f o r  both cyclotron and 

p i l e  bombardment is a single isotope i n  the ePementa8 form, 

inf requent ly  rea l f sed ,  of couwe, becauae most elements am polyfsotopfc and t;he 

This s i t u a t i o n  is 

w e  of  separated Isotopes is usual ly  not warranted in the prae t fca l  productfon 

of" c a r r i e r - f r e e  t r a c e r s ,  I n  addftfon, f a c t o r s  other than those based on yfeld 

conaiderat ions may be of  paramount importance i n  determining the p'hysfeal and 

I 

chernieaP composition of +&rget mterialso , 

Probably the  most important f a c t o r  Pfmfting the choice of" cyclotron target 

ma$erfal f e  the problem o f  d i s s i p a t f n g  the Parge h e a t  i npu t  from the  bombarding 

beam of" p a r t i c l e s .  

supported inafde the  vacuum chamber o f  the cyclotron, beam curren ts  as high as 

one milliampere &y be obtained over an area of a p p r o x i m t i l y  0,3 em2 requi r fng  a 

power dfss fpa t fon  o f  N b 0  h / c m  

i n  the o d e r  of 20OO0C/mm may be produced under these eondf6fone0 

f o r  probe bombrtlrnents are limited t o  metals o r  me ta l l i c  compounds having a high 

melting po in t  and a high hea t  concluetfvfty, Even 'for these  subetances the power 

diae ipa t ion  cannot b-e greater than approxfmately 10-20 b / c m 2 ,  me metals are * 

generally soldered 01" p la ted  t o  a water-cooled support  which m y  be made t o  r o t a t e  

o r  vibmte,  thus spEa8fng  the inc ident  beam over a larger area (13) 

. 

With an " internal"  o r   probe'^ t a r g e t  aesemblly, which fe 

2 f o r  a 20 Mev deuteron beam, Temperature grad ien ts  

Target materiala 

wi th  the 'bell-gar" t a r g e t  aescmbly, a fracti'on of the I n t e r n a l  beam is 

brought out  of  the cyclotron vacuum through a t h i n  metal PPwfntlowDP into an ex te rna l  

2126 li27 
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exclosure which"can be- evacuated o r  f i l l e d  w i t i  any deBirei.gas.. T&e in$um@rity . 

of the emrgent:beam ik usual ly  about one-tenth of the fr;td&i cur ren t ,  Maximum 
$ 

ava i l ab le  ex terna l  beam i n t e n s f t i e s  are rarely uered' except tin the bombardment of I 

very r e f r ac to ry  roateriale o r  i n  the bombardment of metala and mtaU.ic substances 

- which 'have a high thermal conductivity and can be bonded t o  a water-cooled; target 

..> . p la t e .  Addi 1 cooPfng can be o b b i n e d  by paeaing an i n e d  gaa through the  , 

< 
. *  

\ 

target chamber, 

product met be i r r ad ia t ed  with the externa l  beam, 

o the r  substances which are no t  r ead i ly  bonded t o  tRe target p l a t e  are erupporbd 

wit,$ m e t a l  f o i l s  - general ly  o f  platfnum o r  tantalixPn. 

Target materials which v o l a t i l i z e  o r  decompose t o  give et gaaeoua 

Metal powdera, oxidea and 
, I  

Many d i f f e r e n t  t a r g e t  

designs have been developed f o r  apecfal  usee (18,19,20,21), , 

TABLE V I  

OUTLIRE OF ME'IHODS SFOR '1BE alRODUClkON 
AND ISOLATION OF CARRIm-FREE RADIOISPTOPES 

. , *  

Ra&ioiaotope Produced by Description o f  Separation Proceases 

i a  eeparated from Li by eo-prec ip i ta t ion  on Fe(0H) from 
- 3 ,  
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11 
I C  

.- 
De e e r f p  ti on o f Se pa ra t f  on Proe e e a e a 

f e  ex t rac ted  from aqueoue aolutfon a t  pH 5-6 by thenoyl 

The ae ti vi t y  1 8 back ex t r ae  ted 

7 3e 

tri fluorace tone i n  benzene 

a f th  coneent'rated Hen (61) 1 ' *  8 ,  

f a  expelled from a B 0 t a r g e t  durfng bombardment, The 2 3  
11 : 0 4s passed over h o t  CuO and condensed i n  a l i q u i d - a i r  

14 14 Ilhe C 0 and C 0 formed during bombardment ,of NR NO t a r g e t  

so lu t ion  are removedl by aepf ra t fon  with C02-fre,e a i r ,  

sas i s  then paased over h o t  CuO and the  eP40, fs co3leeted f n  

Ba(OR)2 eolutfon (64,65,66) 

2 .  4 3  
The 

L _  

: a (NO l2 t a r g e t  material i s  diesolved i n  a vessel f i l l e d  with 

20 free a i r ,  H 0 i s  added t o  oxfdfze nftrogen oxides t o  

n i t r a t e s ,  EN0 fs added and the  C O2 is  trapped f n  -(OH), - 

so lu t fon  (67) 

3 

2- 2 2  
14 

3 

The C is bombarded i n  a gae - t igh t  chamber, 

durfng bombardment f e  pumped o f f ,  . The maJor p a r t  o f  the  N 

The NI3 releaaed 

13 
I 

remains i n  the  t a r g e t  mater ia l .  This f r a c t i o n  fe 'ob ta ined  

by burning tple C target i n  a eombustfon tube (68,69), 

0 gas i s  bombarded fn a g a s - t i g h t  chamber, The s8 eondensea 2 

ou t  on the w a l l s  and i e  removed 'by washing with water (70) 

H20 may be uaed as a t a r g e t  materfal t o  produce an  aqueous 

18 aolu t ion  of  F d f r e e t l y ,  Thfa target material, however, 

I fmi te  the beam I n t e n s i t y  t o  a low value? (71),, 
9 

22.,*' i s  aisaolved out o f  WO, M&(oB)~ or w o  almost The N a  
3 
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Radioisotope Proiluced by , Deeerfptfon of eepamtfon  ~ r o e e s g e e  :. 
" .  

. .  <= 
. .  . .  

p32 , 

s35 

. . . .  

22 
A separat ion of Ha 

obtained uefng ion-exchange t e c h i q u e a  (76') 

from weighable amount$ o f  Mg pay be 
( I  - *  

t d  

The AI t a r g e t  ie a i s e o m d  i n  exeesa Eaoslt. me r e s u l t m t  
I 

solut ion" f a  d y w n  through filter paper which sepamteB VP 

the  Mg27 as adsorted radfoeolliofd. ' The a e t f v f t y  

with df lu te  W C l  (77) ,, 

P i l e  bombarded (e~enaental) i s  !melted, a n i  at a temperature 

of 120-13O0COy f a  poured fn to  bofYfng concentnitad EN0 with 

st i ' r r ing,  

from the S9' and f i l t e r e d ,  

made alkaline w i t h  naR40H" The F'e(0B) conbimfng the i t s  

dissolved in HCl and Fe i s  ex tmbted  i n t o  e t h e r ,  

so lu t ion  is then passed through 

I 1 

3 
On cool ing the HNO dontafhiatg the  P~~ ies separated 

. 3  
Few' is added and the so lu t ion  is 

. I  

3 
The P3* 

cation- exehaxige eo~umgl (78 ,~ :  

zs may be used as h r g e t  material w i t h  saer neutron soureee. I 

( f o e o 9  radium-beryllium o r  cyc lo t ron) ,  

from CS by ahakfng wfth d i lu t e  h 0  (80,81), 
2 " 3 "  

2 

The P3* fs ext rac ted  
'I 
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._ Descrfptton of" Beparatton P.rocesaes .1 

;el fs dieccrlved i n  E20 and a few drope of  Epo2 - are added 
z + 

;o oxidize $7 t o  so4 K i e  removed on ton-exchane;e eolwm(67) ,  ' '- 

nent, 

sollntfon of the  KC1 1x1 vacuo (85j0 

Separation f a  macle by f i s fng  the  K C l  o r  by bofPing a 
* 

stream of  A f a  bon;baded in a b e l l - J a r  -&areget. The mjor 

?ortion of  K '29'3 sett les out  on me wallb of  the b e ~ l - ~ a r  

nnd the remaintiler f a  caught i n  a gPaPjg-wooP plug in the  gas 

mtlet ,  After bombardment, the walls and %he plug are washed 

en warm EN (86) 

fie Sc 0 

3c(OH) 

ia tant  f e  co-preefpf ta ted on BaCO 

1s e f fec t ed  by taking advanitage of the f~iaolubflfty of B a C f  2 

en concentrated BCB-ether eo1utior487) 

target i t s  fifsaolved f n  HCP, and repreefpf ta ted  as 

The ea4? i n  the mper- 

Separation from the Ba 

2 3  

3 4 with the  addftion of  NY O H .  

3 

me $ 3 ~ ~ 0 ~  is afsaoPved in - HCP and the  solution is evapor- 



t. Radfoisotope Produced by Description of  Separation Pram besees * .  

. . . .  . 
> 

51 C r  

. .  
, . .  . . .  

. .: 

' _  

. .  

Fe ( dr,a) 

p e r t i t a n a t e  containing the  Sc a c t f  f t y  as radioc 

aggregates,  This so lu t fon  is then 

paper whfch r e t a f n s  over 95$ o f  t h e  S 

radfocollofd,  whfch f a  removed by treatment wf 

E C 1  (89) 

L .  " L  - .  

4 -  
. I  

The Tf02 is fused wfth a mlxture of Na e0 

V 

so lu t fon  of 

t o  p r e c i p i t a t e  the  l a rge  excess of NaCP. Vh8 f a  re ta ined  i n  

the  ' supernatant (90) 

and N8NO The 
. 2 3  - . 3  48 I 

is leached from, tQe fised mass Wfth water, The a lka l fne  

fs aefdf f fed  with H C 1  and reauced i n  volume 

! 

. I  

The V t a r g e t  is dissolved f n  HNO 

+3 t o  6N - and sa tu ra t ed  with SO2 t o  f n m r e  the reduction of C r  

Few o r  La* is added and $be eolutfon fs,mezde a l k a l f n e  with 

Na,,CO,. 

The so lu t ion  is d i l u t e d  
3 * 

V f s  oxidized t o  aoPubPe vanada%e by a f r , f n  aPkaPfni . .  S I  
L J  

so lu t ion  and C r 5 1  is ca r r f ed  qua l f ta t fvePy on the  La(0E) ., 
9 :gl .is separated from the  La(0E) by a second p rec fp i t a t fon  

3 
In the presence of ,  Br, w h i c h  oxfafzee, the er5' to ehromate,(gl) 

L 

ne Fe target is dissolved in HCl, APP but  a few mg of Fe fs 
52$ f n  the be t rapogi t ive  state, 

3xtraeted with e t h e r , .  The h 
I 
I 

Ls quan t f t a t ive ly  eo-preefpftated on Fe(OH> 

)f liH40E-Br mfxture 

with,' the  add i t ion  
I 9 

- 1  

Several &prec ip i t a t ions  a h  required 
3 

free from the  concurrently produced eo 
L- 52,54 to obta in  the  Mn 

t c t i v i t i e s  (92) ., 

Phe C r .  t a r g e t  i s  dfsaolved f n  HC; and evciporated t o  inc fp fen t  

iryness, Fee l  c a r r i e r  f a  a8ded and the sofutfon f a  added with 
3 

3tfr;rfng t o  NaOH, so lu t fon  -etaturat&d wf th  Br The Mn 53974 . ~ is+ 
2 O  

l u a n t i t a t i v e l y  co-prec ip i ta ted  on the  Fe(OH) which fs ' 

I 3 
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F -  

Deserfptfon of Separatfon Proe 
P 

dissolved i n  6~ HCP and ex t rac ted  with e t h e r  t o  remove Fe 

c a r r i e r  (93) 

- 

The Co is dfssolved f n  3N HNO 

adgusted t o  4,0-7.0 by the  nddftion o f  NH OE-RH4Ae, 1 k L  of  

a sa tu ra t ed  aqueous so lu t ion  of a c e t y l  acetone f a  added hna 

the  so lu t ion  fs ext rac ted  with xylene, 

containing the Fe f s  evaporated t o  dryness, Orga,nfc 

and the  pH of  the  so lu t ion  is - 5  
4 

The orgaanfc phase 
59 

resfdue fs destroyed by fumingH~lOh (941, 

B r  The C056 'fa retafned fn the supernatant.  NH4 salts  
2" 

are destroyed wfth HNO (92)  3 

The Zn t a r g e t  is dfssolved i n  BCl, d i l u t e d  t o  505N and Ga 

a e t i v i t f e s  are ex t r ac t ed  wfth e t h e r  t o  reduce radfa t fon  hazard 

- 
> -  

i n  aubsequent manfpulations. 

adgusted t o  1,0-102 wfth NaOH and the  Cu 

The pH of t he  aquioua phase fs 

is ext rac ted  wfth 6b 

CCl4 so lu t ion  conta in ing  .OOl$ dfthfzone., The C C l  phase is 

evaporated t o  dryness and organye a a t e r f a l  fa removed by 

hsa t ing  t o  500°C (95,96)0 

4 

2 

64 ZnSO ta>rge t  f s  dfseolved i n  water, The Cu fs separated 

f r o m  t he  aefdf f fed  ao lu t ion  by shaking the  so lu t ion  wfth a 
4 

few rnfllfgrarne of f r e s h l y  p r e c i p i t a t e d  Bf S disso lvfng  the  

S I P 3  with HNO evapomtf;lg the  eoPuLfon t o  dryness, t ak ing  

up i n  d i l u i e  HCI and r e p r a c i p i t a t f n g  the BI as B ~ ( O H )  

excess INR OR, The 6u 

2 3' 

3 9  
with 

3 
6 b b  i s  re ta ined  in  the  supernatant (97). 4 
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Description of  Separa t fon  Procease8 
. .  

. ‘  a I. 

Zne12 t a r g e t  is dfssolved i n  water,’ eu is concentrated by 
. a  1 

add i t ion  of s e l l  amount of  Zn which f a  then dfmolved In  

a c i d  and Cu 9s deposited on polished Pt> fo fP  from O.O’jN 

H$04 s a tu ra t ed  with H 

, -  64 
- 

(98)  o ’  2 

e u  target 18 dissolved i n  HNO ., , D e e m  HCP 1 s  added’ t o  

des t roy  HNO 

wfth liH40Ho 

eo-prec ip i ta ted ,  

wfth, NaAc and s u f f f c f e n t  Na 0 fs.added t o  complex t r aces  

o f  @u remaining i n  ao lu t ion ,  

3214 so lu t ion  conta in ing  dfthfzone and back ex t rac ted  wfth 

3 
and the  so lu t fon  is neu t ra l i zed  t o  O Q 2 5 I ? H C l  

CuS i s  p n c f p f t a & d  with R S o  

- 
. /  3 

Zn‘? is n o t  
2 

The supernatant is adjus ted  t o  ’ p ~  5-505 

2% 3 
me’ 2n65 1, ext rac ted  I n t o  

Zn t a r g e t  fs dissolved in H e 1  and’ adgusted t o  6 ~ ,  

5xtracted.with e t h e r  (100) 

fie & t a r g e t  is d f s s s ~ ~ e d  .in 48$ HBP and &e soPu’”cion fs dis- 

;fPPed, 

! ist i l late.  HNO 3 
bvaporated t o  i n c i p i e n t  drynees, 

,ion is repeated ‘to remove t r acee  of HNO Q n k l )  

’he Ge metal f e  dfesolved by refluxing with q u i  pegfa. 

e l  i s  added t o  des t roy  EN0 and p e l  is dfetfPPed from the  

o h t i o n ,  The As 

o & t f l e  pentachloride After GeCP fs c ~ n n p l e b l y  removed, 

Br is bdded t o  the HCl mafdrxe and  AB^^^ a8 t h e t v o l a t f l e  

r fch lor fde ,  i s  d i s t f l l e d  i n t o  HMO The EN0 s o l u t i o n  of  As74 

EI evaporated t o  dqmesa (l0~,102!) 

f a  + - 
f 

The Ge7l is obtetfned i n  Vne first few d of the  HBr,  

f a  added t o  dee t roy  PIBr m d  tho so lu t ion  is 

H 0 f e  added and the  evapora- . 2  I ,  

’ 

E X C ~ E ~  

3 Ec * 74 
fs rewined fn the  reefdue a8 the  non- 

, I  4 

3 O  3 



UCRL- 1067 
-3 5- 

Produced by De se r i p  ti on of Sepa m t f on Proce s se s 
. .- 

1 
e Ae is dfasolved i n  aqua pegfa. H C l  is added t o  des t roy  

1 ,  

ees8 HNO The so lu t fon  is adgusted t o  3%3, - Tellurous 

i d  c a q f e r  is  i i  added.and precfpfta$ed I " <  as Te by p t s s ing  SO, L 

rough the  so lu t ion ,  ~ e 7 5  is c a r r i e d  q u a n t i t a t i v e l y ,  The 

3" 

p r e c f p f t s t e  is  dfesolved i n  HNO BBr  is added andsthe ' 

f a  d i e t f l l e d ,  Se75 is re ta fned  f n  the  HNO 3 resfdue (103) - 
3 

Le B r  80982 is v o l a t i l i z e d  whfle the  Se target 1s dissolved 

L H2S04" 80982 into An i n e r t  gas f a  ueed t o  sweep the  B r  

t r a p  f i l l e d  with CC14" 

8 ex t r ac t ab le  with N a  S O  so lu t ion ,  Some of' t h e  B r  

A magor f r a c t i o n  o f  t h e  a c t i v i t y  
80 82 

2 3 .  

le' K79 ie re ta ined  i n  the KBr t a r g e t  ma te r i a l  during 

)mbardment, 

l i l f n g  a so lu t ion  of the  I(Br i n  vacuo (105~106) 

Separatfon i s  made by fuefng the  XB'P o r  by 

ne RbCl is dissolved i n  0,lN HCP, Feel 

nd precbpftated with the  ada f t ion  of (Praq)2COj-m40H 

olu t ion ,  The Fe(0PI) 3 ' eontafnfng the  Sr85 a c t f v i t y ' i s  

issolved f n  6~ I B C ~  and Fe fs ext rac ted  with e t h e r  (107) 

c a r r f e r  fa added 
3 - 

89990 is Beparated from f i ss ion-produet  mixture by complex r 

Pution from organfc z e o l i t e s ,  ~ r ~ 9 9 9 0  and Balk0 are 

bemoved aucceasively by 5$ c i t r a t e  a t  pH 5 (108,109)~ (A more 

etai led desc r ip t ion  of f iesfon-product separa t ion  by fon- 

bxehange methods is given i n  the  sec t ion  on r a r e - e a r t h s o )  

. . .  " " I  

, 
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&(d, 2n) 

Iparatlon ProeesBea - . 

8 7 ,  

he Sr  m e t a l  i s  dissolved i n  d i i u t e  H C ~ ,   he so lu t ion  is 

d i lu t ed  t o  d05 M sr+'- and NEI OH is added t o  p~ g o  

W solut ion" is then drawn through f i l t e r  paper which removes 

 pai is 
h .  

I ' .  
the  Yaa as adsorbed radiocol loid,  The a c t i v i t y  i s  removed 

with d i l u t e  H C l  (110) 

Ygl i s  separated from Pare-earth:: f f s a ion  produc ts  by complex 

e l u t i o n  from amberlfte I R - 1  yesin with 5% c f t r a t e  a t  PPI 2,7 

(108,111) ( A  more de ta i l ed  desc r ip t ion  of f iss ion-product  

aeparations is given i n  the  sec t ion  on' rare e a r t h s , )  

The Y203 t a rge t - i s  dfssolved i n  HP.1, 

i s  evaporated almost t o  d'rpess and then c ~ i ~  

Y i s  prec ip i ta ted  88 the f luor ide  with HF, 

H SO" are added and HF is removed' by evaporation, 

is d i lu t ed  with water, Feel  

J 

I 

1 .  

* ,  - .  
% .- 

The remi l tan t  so lu t ion  
t ,e 

20 0 

A f e w  m l  of 
1 ,  

me so lu t fon  2 4  
c a r r i e r  is  added and p rec ip i t a t ed  

. . 1 ,  3 a .  

with NH40H. The Zr 89' frs ca r r i ed  guantitatfvePy. The preeipf-  

tate is diasolved i n  6 N  H C l  and Fe.'is extractedi with $,o( 107) . . .  I .>  
- 

Oxalic ac id  f e  used a8 a specf f~c 'complexing  agent t o  remove 

2 2 '  and Cbg5 from mixed fissfoq products on amberlfte IR-1 ., I 

zolumn& - 0.5% oxal ic  s t r i p s  Zr95&95 quant i ta t ive ly ;  none ' 

3f the  t r i v a l e n t  o r  d iva l en t  elemente i s  removed.5~ 

treatment ( 108) 

5rg5 i s  separated from ~i95 &au&ter by, (a) eo-prec ip i ta t ion  

If Cbg5 on Mn02 from 10N HNO an$ (b). e x t r k t i o n  of Z?5 

erom HNO o r  HCIOh using thenoyl t r i f luoroace tone  (112) , 

' . 
I .  

- 3, ' , i  

3 '  
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Descript ion of Separation Processes . 1 

..e 

Che bulk of the uranyl  n i t r a t e  ;target materfal f a  removed 

3y e t h e r  ex t r ac t ion ,  

?roducta are added a few ,mg F I  

!!xcess M40R. Zr95 and o ther  IVH 3 Insoluble  f f s s fon  products 

? 

To the concentrated so lu t ion  of f f s s i o n  

Cp3, hydroxylamfne and 

re eo-precipi ta ted on the  Fe(0H). 3 O  

upernatant,  'The Fe(0H) ?is dfssolved f n  H C 1  an6 Fe i s  

The U mmafn's i n  the  

141,144 are xt rac ted  with e t h e r ,  "he Zrg59 Cbg5 and Ce 

eparated as iodates using thorsum c a r r i e r ,  ~7?5-~395 are 

eparated f r o m  Ce and Th by means of  BF precipftation.Cb 

eparated from the  Z r  by K CO fusion (107) ,, 

ee zr9' proeeduregi, 

95 is 
95 

2 3  

c 

??e ZrO 

arrfer by bof l fng  f n  12N - H$04down t o  mmfng. 

re added, following cool ing and d f l u t f o n  wfth water, t o  b r ing  

;he (H ) and (C1-) t o  6 ~ .  - 
iaturated with H C 1  (113) 

t a r g e t  f e  dfeeolved i n  the  presence of CF "hold-back" 2 
N a C l  and HCP 

+ 
The Mo f a  ex t rac ted  wfth e t h e r  

- 

me MO t a r g e t  is diaaolved In  aqua regia and evaporated t o  

tnefpient  drynese, 

kg5 is d f s t f l l e d  wfth the afidftfon o f  HBr uefng 8 CO:, c a r r i e r  

3as (114,115) 

fie U metal f~ dfasolved i n  37$ R e 1  and the UC14 f~ oxidized 

The oxide i s  dfeeolved f n  H C l O  -H PO and 4 3 4  

t o  U0#!l2 wfth H 0 and B r 2  a t  60°Co PW12 i s  added and the  

aolutfon f a  saturated with tht E$$ a t  90 C. The Tc99 f a  

20-precipi ta ted with ~e pts2 a l o n i  with o the r  acid fntsoluble 

0 
2 2  

su l f fdea  of  the  f i s s i o n  products,  . L  The PtS2 $ a  dfasolved fn  

E20pN40H eolutfon, Br2  i e r  added and the so lu t ion  i s  
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. r. F '  

f 

evaporetid t o  i n e f p i e n t  'dryness."' 1 8 N  H $0 

,eg9 is d i s t i l l e d  (116) O . '  

is added and the - 2 4  

The u m e t a l  i s  diserolved I n  HNO 
3 

ie added and the  so lu t ion  is P o f l e d ' u n t i l  a l l  of t he  iodine ;s 

expelled,  H@104 i a  added and Ru1'3 f a  d i s t i l l e d  i n t o  3N HC1,  

The d i e t i l l a t e  i s  made s t rongly  a B a l i n e  and R P ~  i a  d ie -  

t i l l e d  from a l k a l i n e  so lu t ion  a f t e r  oxidation wfth el,( 107) 

and adqusted t o  3~~ loa1 

- 

l 

J - 

Pd103 I Rh(dd2n) 

I 

-_ 

The R h ' i s  fused with XHBO4 and the  fuaed mas8 f a  d i sso lved  i n  

water, HC1 f a  added toge ther  wfth m g  amount8 of 'H Se04 and 

the  so lu t ion  f a  ea tura ted  with SO,, The f a  c a r r i e d  
2 

I q u a n t i t a t i v e l y  on the Se metal, se ie removed by. d i s t i l l a t t o n , . .  
I 

, 
I '  

1 1 '  

! 
with H@lOh-HBro (117) 

Ag105 i a  separated by eo -p rec ip i t a t ion  on H g  Cl which is  
2 2  

removed $y. v o l a t i l i z a t i o n  ( 1.18) 

\glll i s  separated from Pd by e l ec - t ro lys i a  f r o m  1; H Naoa. 

0,l M NaCN eolu t ion  uafng Pt electrodels an& a c a t h o d e p o t e n t f a l o  
I _  2"" . . 

-1,210 v (119). 1 

me Ag i s  dissolved f n  HNO and the  so lu t ion  is evaporateti 

t o  dryness, 
3 1 

The AgN03 contafnfng the  a e t f v f t y  i g l  'distsolved 

i n  H20 and the  Ag + f a  complexed with NE4CNS. !l$e so lu t ion  

rin 'kontafning 5$ pyr id ine  (1%) 

I I '  
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De sc r i p  t fon  of Separat  f on Proe ea se e 

L 

f t e r  separat ion of ~n"3 by d f a t i l f a t i o n  (see  elo ow) , the 
pone reefdue containing 1~114 is neutral ized with NH 4 OH. 

he Fe(OH), pme, ipf ta te  eaSrf.e'a *-!%el InPP' quanti$atfssely;' 

'e is  separated by e t h e r  e x t p e t f o n  (121)0 

ie Cd fer dfgeolved i n  HNO 3 and the solutfon is evaporated 

3 i n c i p i e n t  drynesa9 d i lu t ed  with H20 and mads a l k a l i n e  

f t e r  the adaf t ion  of F ~ @ I  3 me snP13 m x ~  In1I4 are ear r fed  

n the  F ~ ( O H )  3 pree fp i t a t e ,  me Fe(0H) 3 f a  dfasoived in a 

inimum vopume of 3 6 ~  H SO and t ransfer red  t o  an all-@;laser 

i e t i l l i n g  apparatus.  mr i s  added dropwiere and Sn1'3 ie 

olatilized a t  22O0C0 

- 

3 .  

- 2 4  

The d f a t f l l a t e  l e  col lec ted  in HCl(121) 

'he Sn t a r g e t  i s  diesolved i n  aqua regfaY He1 fs added t o  

eatroy exees8 HNO 3 and the  so lu t ion  fs  adJusted t o  0,lN HC1,  

Iilligrarn amounts of  C~I* are added and p rec ip i t a t ed  w i t ; h  

;3 after the  addft ion of oxa l fe  aefd t o  prevent the  preefpi-  

xit ion of SnS20 The CdS is dissolved fn H C l  and t ranefer red  

to a d f s t f l l f n g  f'laek, Traces of Sn are removed by d f a t f l l a -  

bfon with HC104 a t  2oO°C. f a  then d f a t f l l e d  wfth 

t ~ e  gradual addftfon of mr (E13 

The Te 127~~29 i s  p rec ip i t a t ed  out  of an H C ~  i i a s i o n  mfxture 

on CuS. 

made 5M f n  HFo 

R d 2 "  The RuS2 f a  deeompoeed w f t h  HNO - 3  and the residue ie 

boiled wfth H C l o '  4 t o  expel the  Ru (107) 

&e CIS fs dfaeolved i n  HTJO 3 and the solution i a  

The Te '279'8 . is a e n  co -p rec ip i t a t ed  on 
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Description of‘ Separatfon Prozesaees . -  

The‘Te is  dieraolved i n  CrO -H $0 so lu t ion ,  Oxaifc aefd * .  

is added and the I* is d i s t i l l e d ,  fn to  NaOE (l23I0 
3 2. 4 

. I  

*I i s  evolved during the d i s so lu t ion  of Te target f n  HNO 

The a c t i v i t y  is col lec ted  i n  a t r ap  filled with CC14 and 
3 .  , I  

I I . . +  

ext rac ted  w i t k i  Na. SO (107) 
2 3  . 

vaporizes during the solution of u fn HNO m e  vapor 
3 

i s  passed .through a condenaer and NaOH ecmbber.  

r e d i s t i l l e d  i n t o  dilute NaOH from EN03-H2020 

o f  1131 1s made 20k i n  ~ $ 0 ~  and’ t r ea t ed  with mo4. 

o f  ni t rogen are removed by d i e t i l l a t i o n ,  The reefdue f a  

t r ea t ed  with H PO and the  

II3’ is 

The NaOH so lu t ion  

Oxides 

* 2 ,  

fs distilled i n t o  d f l u t e  , 
3 3  

NaCtH-N&$O3 so lu t ion  (124,67)0 ’ . 1 6  

The Te metal is fuaed with NaG3.  

with water and the warshinge are transferred t o  an a l l - g l a s s  

d i s t i l l i n g  f l a sk ,  

The fuaed ma88 

KMnOh fe added t o  the a lka l ine j so lu t ion  
’ . . 3  

131 HBO; is then added and: the  I 
, a  

t o  oxidize II3’ t o  IO- 
3 

is d i s t i l l e d  fn to  d i l u t e  Nap03-Na2C03 so lu t ion  (125),  
0 . ’  

Te t k rge t  is dimolved  i n  1 8 N  PI 80 -5O$ CuO 

a o l u t i m  ie cooled t o  5OoC and a o l f d  oxal ic  a e k  i a ’e iowly  

added, The i s  then dfrstillle’a into di ute  EJa SO -NaOH 

eo lu t ion  (124,671 

eJoPution, The 
- 2 4  3 ;  

2 3  

1, ( 

The Xe127 is re ta ined  i n  the m,target m a d r i a l  during bombard- 

ment, Separation ie made by f y f n g ’ t h e  KI o r  bo i l ing  a 

m l u t i o n  of the  HI i n  vacuo (cl07,85]. , , 
1 .  
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,131 

6- decay 

140 
Ba. 

f3- Decay 

Description of" Separation Processes 

BaC12 is pmefpf t a t ed  from l 2 N  - H C l ,  

supernatant,  

remains i n  the  

Further  pur f f fca t fon  is obtained by Ea(aR) 
3 

ecavenging (126) . i 

gelJ7 i s  separated from the d iva len t  o r  t r i v a l e n t  f i s s i o n  

produc t ions by p r e f e r e n t i a l  elution from a m b e r l i t e  I R -  1 

using 0025N HCP (127) 
. _  

1 -  

C S ~ ' ~  fe separated from f i s s i o n  mixture by eo-prec ip i ta t ion  

on RH ClO from HC104 eolutfone using absolute  aleohol(l.28) 

~erl37 i s  separated from a fiaesion product mixture by co- 

p r e e f p f t a t f o n  on sodfum eobd t in f t r f t e  and axuonfum eobalti-  

4 '  

n i t r i t e ,  %e Co is  removed as Cos from M40H solu t ion  (107) 

The CsCl target material is dfeeolved i n  H C l  t o  pH 2 and the 

eolut ion i s  ad,juated t o t p ~  i o  with NE OH after t ~ ~ e  addi t ion  of 

FeCl  c a r r i e r ,  The p r e c i p i t a t e  o f  Fe(0E) is washed, dfssolved 

i n  ECl and reprec ip i ta ted  with mhOH a t  pH 5.4, 

re ta ined fn the aupernatant (129,107) 

4 

3 3 
The is 

4fter the e lu t ion  o f  the  rare-ear the from Amberlfte IR-1 

w i n g  54 c i t r a t e  at p~ 2.7, the ~r89990 and B~"O am 

sueceeaively removed by 54 c i t r a t e  a t  pH 5.  (108,130) 

l'O-laJ'O mixiurea by e l u t f o ~  from La is separated fromBa 

4mberlite Ki-l using 5$ c i t r a t e  a% pE 2,7 (108,130) ., 

140 

BaC1 f a  added t o  an He1 solution o f  mixed ffeefon products 

snd prec ip i ta ted  by paaefng H C l  gas through the  so lu t ion ,  The 
2 

Bae12 containing the Ba"' is dfamlired i n  H 0 ,  'Feel c a r r i e r  
2 3 
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Descrfption of Separation Proceaeee . .  
. .  . . .  . .  . . , , . ' $  . . , . . . . 

is added and p rec ip i t a t ed  with the add i t ion  of' Nfl OH, 

'I 
Fe(&) '  p r e c i p i t a t e  f a  di8carded. After allowing the  

p u r i f i e d  BaCl t o  atand f o r  s eve ra l  day8 a aecond Fe(0H) 

p r e c i p i t a t i o n  is* de which e a r r f e s  the  La1400 Fe is removed 

by e t h e r  ex t r ac t ion  f r o m  6~ HCl (107) 

The 4 

3 

2 a 3  

- 

1 

A aolu t ion  of  a l l  iisafon-produced nrpeciee i n  0,OL t o  0,lN 

K C l  is passed through a n  Aaber l i t e  IB-1 reEsin column, A 1 1  

ca t ions  are adsorbed while the f i e s f o n  produced anionic 

zlementer (Ru, Te, Tc) paas through acid a r e  recovered i n  the 

s f f l u e n t ,  Most of  the  Ca137 may Be e lu t ed  a t  t h i q  po fn t  by 
L ,  

\ 

the add i t ion  of O.25N H C l ,  The column fs washe8, and,Cb 95 -- , - 
3,s5 fs p r e f e r e n t i a l l y  removed by 0,546 oxal ic  aefd ,  

i f f f e r e n t i a l  pH 2 cont ro l led  amonfum c i t r a t e  e lu t ion ,  the 

t r i v a l e n t  elements a r e  removed in', the  order: 

Vdj 9rj Ce, La, .With.AmkerPite I R - 1 ,  the  e l u t i n g  agent  i n  

zeneral uae f a  4.75-500$ eftrfe acid at a pH of f r p m  2,7-2,950 

[n pkaetfce a group of aeveral  elements may. be e lu t ed  then. 

:cadsorbed and f rac  t iona ted  under more rigidly cont ro l led  

By using 

Y, Eh, Sm, Pm, 

i 

:onditione (108,127~67) I <  

, f ter  bombardment, the  rare e a r t h \ o x i d e  is dfeerolved i n  HNO 

nd inlsoluble matter 'fa removed by e e n t r i f i g a t i o n ,  

'or contaminating a c t i v i t i e s  a r e  added and the rare e a r t h  

'luorfde ie pmcfpf t a t ed  from h o t  2 N  PIE0 by add i t ion  o f  38Fo 

%e f l u o r i d e  is  dlfasolved i n  EN0 -H BO and p rec ip i t a t ed  a e  

be hydroxfde, 

3, 
e a r r i e r e  

- 3  

3 3 3  
The r a re -ea r th  hydroxide f a  dfeeoPved i n  H C l  

nd the  eo lu t ion  fs adgusted t o  a 'pH between g.,5mand The 
L k b . =  ( 4 2  

are e a r t h  a e t f v f t f e e  a r e  then adaorbed onto Dowbx-50 and . 
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Radf o i  aotope a 

Ta 177,178,179 

183 , 184 R e  

OB 185 

Descrfptfon of Separatfon Procerrsee - 

Luted w i t h  O,25 M c f t r f c  a c i d  adJue*ed t 0  pH 3005 wfth 

he H f 0 2  fas dissolved i n  EN03-HF eolutfon, HF f a  removed by 

vaporatfon wfth the addftfon of 1 6 N  - HN03..KMn04 il~l added and 

he b o 2  p r e c i p f t a t e  c a r r i e s  t he  Ta quan t f t a t fve ly ,  The MnO 2 

ontafnfng the Ta a c t i v i t y  f a  dissolved i n  oxalfe a c i d  and b* 

~9 removed by adsorption on Amberlfte IR-P o r  Dowex 50 (132) ., 

he Ta metal t a r g e t  f e  dfeaolved f n  a minimum volume o f  > -  1 6 ~  

NO contafnfng 104 BFo The HP i s  removed by v o f a t i l f z a t f o n  

nd the bulk of' the Lantalfc aefa fs 'separated by eentrff'uga- 
3 

a t a n t ,  d he H N O ~  eo lu t ion  is evaporated almost LO hrynees and 
2 

, ransferred t o  an  a l l - g l a s s  d fe t f lP fng  flaglk wfth 3 6 ~  - H $ I O L o  

h e  Re1839184 f ~ l  d f a t f l l e d ' a t  240°C wfth the  addftfon of  9N - 
Br and co-prec ip i ta ted  on Cu8 a f t e r  t he  removal of" HBr and 

NO 

u0 from a l k a l i n e  eofutfon (133913h)0 

Separatfon from the Cu fs e f fec t ed  by prec fp i tq t fng  
3 -  

8 

'he W metal i s  fused wfth KOH-KNO-a and the  meed mass fer 

Ixtracted wfth water, 
- 3 '  

The so lu t ion  f e  a c i d i f f e d  with HNO' 1 
1 

i recfpf ta t fng  moat'of t he  WO,' which f ~ l  removed by cen t r f fuga t ion ,  
' 4  

!he Os185 f a  d i s t i l l e d  * from 5N - HN03 and co l led ted  i n  t r a p  

YlPed with 5N - HN03. Ext rae t fon  of the  HMO 3 d f s t f l l a t e  with 

! ther  removes the  Od85 whfeh f~ back ex t rac ted  wfth NaOH(135) ' 
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Description of" Separatfon Proeesses 

The Pb fs dfssolved i n  a minimum volume of HNO, a n d ' t h e  r eeu l t -  * 

J 

a n t  so lu t ion  fs evaporated t o  dryness, T h e , P b ( N O  1 eontafnfng 

2 0 ~ 9 ~ 0 6  is dissolved i n  exieers.1od t h e  Bf 

is drawn through f i l t e r  paper which r e t a fne  over 98s 00 t he  

Bf a c t i v i t y  as adsorbed radfocollofd.  Di lu te  HCP .removes the  

Bf2049206 q u a n t i t a t i v e l y  (136) 

, f  - 3  2 

? 1  

* 

The Pb t a r g e t  - 8  dissolved fn  HNO €%(NO 1 
3 3 2  

and the  so lu t ion  fs ext rac ted  with amyl ace+%ate t o  remove T1, 

Hg and Au., 

f a  c e n t r i f i g e d  o f f  

B i  and T1 hold back c a r r i e r s  are added and the  

so lu t ion  l a  fumed with HCl, The so lu t fon  1s d f l u b d  t o  3N and 

Te c a r r f e r  i a  p rec ip f t a t ed  wfth S O  

is r ep rec ip i t a t ed  from 6 N  HC1,  

- 
removing A t  and Po, The Te 

2 
Under these  conditione A t  18 eo- - 

prec ip i t a t ed  and Po remains f n  the  supernatant,  

Bolution f a  ex t rac ted  wfth an  equal volume o f  20$ t r i b u t y l  

Po f n  the H C l  

phosphate i n  d i e t h y l  e t h e r ,  

with HN03 (137) 

The a c t i v i t y  f 6  back ex t rac ted  

%me procedure as above (137) 

\ l a y e r  of Bf m e t a l  a l loved  t o  a 10 mfE PjhSek water-cooled * 

t a r g e t  p l a t e  ie bombanueci i n  a be91-Jar ta'rget f i l l e d  

i f t h  H e  f o r  a d d i t i o n a l  cool ing  and t o  prevent oxfdatfon o f  

the Bf, The bombarded Bf f a  c u t  from the  t a r g e t  f o i l  and A t  

2 
Ls f so l a t ed  by hea t ing  the Bf t o  h25°C. f n  a atream of IN 

: a r r fe r -gaa ,  

Liquid a i r  (138,139) 

The A t  i s  co l l ec t ed  on a co ld- f inger  cooled with 
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