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1. Introduction 

In June  1946 a significant a t t ic le  in the maga- 
z i n e  Sc ience  announced the  avai labi l i ty  of radio- 
isotopes f r o m  Oak Ridge. T h e  first  shipment of 
reactor-produced isotopes,  a few mill icuries of 
14C, was s e n t  to Barnard Free Skin and  Cancer  
Hospital for cancer  research in August 194G. 
Since  then, a total  of 2.4 million curies  of more 
than 100 different radioisotope preparations h a s  
been shipped f rom Oak Ridge National Laboratory 
(ORNL) for world-wide u s e  in industry, medicine, 
and agriculture.  

T h e  first  large reactor ever built  (so-called 
X-10 Graphite Reactor) was used to produce t h e  
first  small  amounts of radioisotopes.  T h i s  re- 
actor,  for 20 years  a work-horse in t h e  radio- 
isotope program, was  retircd from serv ice  in  
November 1963, and irradiations a r e  now accom- 
plished in t h e  more-refined, higher-flux Oak Ridge 
Resea ich  Rcactor (OKR) and Low lntensi ty  T e s t  
Reactor  (LITIZ). 

T h e  production of radioisotopes involves s e v s m l  
different operations,  including t h e  e s s e n t i a l  re- 
ac tor  irradiation (Fig.  1-1): 
1. target select ion and preparation; 
2.  reactor irradiation: 
3. chemical processing of the irradiated targets  

to obtain a specif ied purity, 

4. a s s a y  and storage; 
5. packaging for shipment. 

Supporting operations include a n a l y s e s  of t h e  in- 
process  material, radiation surveys,  and d isposa l  
of contaminated waste. 

The primary objective of t h i s  manual is to 
present  the  detai led procedures used a t  OKNI.. in 
the chemical  processing of neutron-produced and 
short-lived f iss ion product radioisotopes.  It i s  
not intended to represent these  procedures neces-  
sar i ly  a s  t h e  la tes t  technology nor as  the  pre- 
ferred choice for every processing location; many 
factors,  too complex for this  discussion,  affect  
the  choice  of a chemical separation process  and 
iriclride s u c h  considerations a s  ex is t ing  equipment 
or avai lable  was te  disposal  services .  

The format  of the  manual i n  general follows the  
production sequence.  Section II descr ibes  target 
se lec t ion ,  target preparation, reactor irradiation 
principles,  and processing principles. Section III 
contains  detailed procedures for each radioisotope, 
arid Section IV descr ibes  the s torage and shipping 
operations.  Descriptions of the Oak Ridge Re- 
search  Reactor and the chrmical  processing fa- 
c i l i t i e s ,  t,ibulated reactor production data for each  
isotope product, analyi ical techniques, and hiblio- 
graphy are  contained in Appendices A t o  D. 

1 
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II .  Production and Processing of Radioisotopes 

The  majority of radioisotopes used  i n  commerce, 
education, research, and  medicine are obtained 
from nuclear reactors,  e i ther  by bombarding target 
e lements  with neutrons or by recovering t h e  f iss ion 
products of 235U. Chemical processing of the 
radioisotopes is generally necessary  to produce a 
desirable  chemical form which meets  or exceeds  
s p e c i f i c  s tandards of radiochemical and chemical 
purity. 

This  sec t ion  descr ibes  the b a s i c  principles of 
nuclear  processes ,  select ion of target for reactor 
irradiation, and radiochemical processing, which 
a r e  the three most important factors  in  achieving 
t.he desired purity in radioisotope preparation. 
The purpose of th i s  sect ion is to  assist [.he 
reader to  better understand t h e  detai led isotope 
processing procedures given in  Sect .  111, and 
hence  emphasizes  ORNL products a n d  techniques.  

PRODUCTION OF RADlOlSOTOPES 

During t h e  38 years  following the discovery of 
radioactivity by Becqucrel in 1896, nuclcdr trans- 
formation produced by u -particle bornbardmcnt was  
discovered by Rutherford (1Y19), and artif icial  
radioactivity produced by the bombardment of 
boron, aluminum, and manganese with cz part ic les  
was discovered by Curie and Joliot  (1934). During 
t h e  next  30 years ,  the number of known elements  
increased to more than 100. Of the  naturally oc- 
curring isotopes '  of t h e s e  elemerlts, rougtily 280 
a r e  s t a b l e  nuclei ,  and about  25 may be considered 
naturally radioactive. The  number of art if icially 
produced isotopes reached 200 in 1937, -450 in 
1944, ',650 in 1949, ^,lo00 in 1954, and over 
1500 in 1964. Each  element in t h e  periodic table  
h a s  a t  l e a s t  one radioactive isotope, and s o m e  
have as many a s  30. T h e  half-l ives are a s  short  
a s  0.3 x 10- '  sec (212Po) and a s  long as  loL7 

years  (204Pb) .  For practical  uti l ization of t h e s e  
radioisotopes,  those having half-l ives of a few 
hours to  a few years  a r e  of prime importance. In 
some isolated c a s e s ,  radioisotopes with half-lives 
of many hundreds or thousands of years  may b e  
useful  (e.g., 3 x 1OS-year j6cl). 

The  production of a radioactive nuclide and its 
subsequent  characterisf.ic decay and radiation 
properties are, i n  the naive s e n s e ,  s imple proc- 
esses.  Radioact ive isotopes can  be produced by 
disturbing a preferred neutron-proton ratio of the  
element. T h i s  i s  done (1) by adding or removing 
neutrons, (2) by adding or removing charged 
part.icles s u c h  as protons, or by a combination of 
both ( l j  and (2). In general, a reactor is used for 
t h e  s o u r c e  of neutrons; a cyclotron or accelerator  
is used a s  the source  of charged particles.  T h e  
radionuclides iormed by increasing t h e  neutron/pro- 
ton ratio generally decay (or transform) back to 
a :;table condition by having a neutron transform 
to a proton, with the emission of a negat ive beta 
particle [/3.--) and a neutrino - a n  almost un- 
detectable  particle of z e r o  charge and mass  =0: 

i n  3 'p - p-- 1 * 
0 1 

Foi those  radionuclides result ing from an increase 
in  the  proton/neutrun ratio, the decay (or trans- 
formation) again tends to reverse t h e  c a u s e  for 
instabil i ty,  and a proton in the nucleus w i l l  b e  
transformed into a neutron, with the  emission of 
a posi t ive beta  particle (positron) p4: 

i p +  ' I ?  -I p++ v .  
1 0 

In some cases, nuclei  which a r e  unstable  because  
of a n  e x c e s s  of protons (called neutron-deficient 
nuclei)  wil l  regain s tabi l i ty  by capturing an  
orbital  electron (c): 

l I s o t o ~ e s  are defined as a t o m s  of an element differ ing 
only in the number of neutrons (Le., a toms with the 
s a m e  a t o m i c  number .Z but varying in mass number A ) .  

3 
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As a result  of th i s  process,  character is t ic  x rays 
will  be emitted during t h e  refilling of the  orbital  
electron she l l s .  

In the transformation processes  described above, 
gamma radiation ( y )  may or may not b e  emitted. 
These  gamma rays,  or photons, may undergo 
internal conversion whereby the transit ion be-  
tween the  two energy s t a t e s  of a nucleus is not 
evidenced by the  erriission of a photon. Instead 
t h e  energy is imparted t o  an  orbital electron, 
which i s  e jected from the atom. 

For  some nuclei ,  only gamma radiation is emitted 
for the de-excitation f rom a metastable  or isomeric 
s ta te .  Such decay is termed isomeric transit ion 
(IT) and  i s  characterized by no change in mass  
number or atomic number. 

Many radioactive nuclides decay by two or more 
modes, so that  /3-, I<', y ,  c transformations with 
assoc ia ted  y emission and x radiation are  not 
uncommon (see App. B, 'Table B-1). The  branching 
ratio def ines  relatively each  mode of decay. 

For heavy nuclei ,  the  transformation to  a more 
s t a b l e  configuration may take  place by the  emis- 
s ion  of a n  alpha particle ((7. or ;He). Naturally 
radioactive nuclides of Z > 82 generally decay by 
a emission. Again gamma emission may also 
occur: 

A X  --3 a + A - 4 Y  
2 2 - 2  

For  each  of the nuclear transformations, or de- 
c a y s ,  described above, the products (daughter 
nuclides) may or may not be radioactive.  

The  bulk of art if icial  radioactive isotopes a r e  
produced in nuclear reactors.  The  following modes 
or processes ,  each  given with a typical example, 
descr ibe the nuclear reactions: 

1. ( n , y )  Process  - ::Na(n,y)l;Na 
Neutrons in thermal equilibrium with the  mod- 
erator have an  energy of -0.04 ev. F luxes  of 
"1-4 (x neutrons C ~ I - ~  sec-' a re  com- 
monly available.  Approximately two-thirds of 
the  nuclides for which the  chemical procedures 
a re  given in Sect. 111 a r e  produced by the (n ,y )  
process .  The  product isotope will  b e  of the  
s a m e  element a s  the  target; hence  i t  will  not 

'Few exceptions are found among reactions with the 
light nuclei  in cases where the binding energy of a 
proton or a particle is appreciably lower than that of a 

neutron: the reactions 'oB(n,p)'oBe, I4N(n,p)l4C, 

3 s  c l ( n , ~ ) ~ ' S ,  10B(n,Z)7Li, and 6X2i(n,U)3H occur with 
thcrmal neutrons. 

2. 

3. 

4. 

5. 

be carrier free unless  a spec ia l  technique i s  
used. I t s  spec i f ic  activity (activity per unit  
weight) i s  limited. The  (n , y )  reactions are 
tabulated in App. C; a computer program was  
used to  calculate  the  expected yield a s  a 
function of t h e  flux and irradiation time. The 

calculat ions take into account  secondary re- 
act ions such  as burnup of the  target, burnup of 
the  product, and decay of the  product during 
irradiation. Activation c ross  sec t ions  vary 
f rom severa l  rnillibarns to severa l  thousand 
barns (1 barn = cm'). 

( n , p )  Process  - ;iNi(n,p)i;Co 
F a s t  neutrons of the Mev range are required in 
general, for th i s  process .2  Modern reactors 
having fas t  f luxes a t  - 3  Mev of -1 x 1 0 l 4  
neutrons c m - 2  sec-' a r e  readily avai lable .  
Since the  product nucleus i s  of a different 
s p e c i e s ,  the specif ic  activity is more or l e s s  
dependent on the purity of the  sample. Such 
considerations a s  producing a s t a b l e  s p e c i e s  
of the product ciucleus a re ,  a t  t imes,  important 
(e.g., in production of I z 8 X e  from 1271  or 
I3'Xe from ' 'I). The  effective activation 
cross sec t ions  are of the  order of millibarns. 

(n, 2) Process - :Li(n,c:):H 
The  emission of a charged particle in the  re- 
action offers a product nucleus which is a l s o  
carrier free.  

(n , y )  Process  Followed by 8- Decay 

The  method h a s  wide applications for producing 
carrier-free radionuclides. 

F i s s i o n  ( f )  Process  - ';jIJ(n,f) Variety of 

The  '"gU nucleus, upon capture of a thermal 
neutron, will  f iss ion.  This  produces a wide 
variety of s t a b l e  nuclides and radionuclides 
because  of the  asymmetric distribution of the 
f iss ion fragment masses .  The  peak yields  of 

Isotopes 
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--.6% a r e  masses from 90-100 and 135-140. 
Specif ic  act ivi t ies  of t h e s e  products will  vary 
from one  isotope t o  the  next  s i n c e  s t a b l e  
tiuclei a r e  a l s o  formed by the f iss ion process .  
Since t h e  ratio of t h e  number of neutrons to the  
number of protons increases  with atomic 
number, the  f iss ion products formed a r e  neutron- 
e x c e s s  nuclei  that undergo s u c c e s s i v e  /<-- 
decays.  Hence, one could speak  o f  s t i l l  other 
modes involving fission and s ingle  or multiple 
{j - decay.  

The  chemistry of separat ion of t h e s e  products i s  
subjec t  to the  handicaps of radiation hazards  a s  
well a s  the  drawbacks inherent in complex s y s -  
tems, and a considerable amount of time e l a p s e s  
before a product is obtained; thus,  in general, 
only relatively long-lived radioisotopes a re  ob- 
tained in th i s  fashion. A further handicap i s  the  
fac t  that  in many cases more than one radioactive 
isotope of a given element is present,  with a 
resul t ing decrease  in isotopic  purity. T h e s e  
factors  a r e  d i s c u s s e d  more fully in a succeeding  
subsect ion.  

T h e  growth of activity can  b e  approximated 
using the equation: 

A = N@,ir(l - , 

where 

A .- activit.y or yield (dis/sec),  

N :: number of target atoms, 

7 f lux (neutrons cm".' sec- '>,  

LJ 2:: effective activation c r o s s  sect ion,  barns  
cm'), 

X = decay constant  (0.693/T 

N o  corrections a re  made here  for radioactive 
daughter products and burnup of target and product. 
For a more exac t  solution, the  reader is referred 
to  App. C. 

). 
1 / 2  

TARGET MATERIALS 

A su i tab le  target  element or compound for radio- 
isotope production is chosen  partially for its 
s tabi l i ty  to both heat  and reactor irradi, A t' ion con- 
dit ions.  It should also b e  chemically pure and 
contain a high percentage of the target isotope. 
Metallic forms of s u c h  elements  a s  s i lver ,  pal- 
ladium, cadmium, iridium, copper, platinum, and 
gold make good target materials. Oxides s u c h  a s  

Fe203 and Moo3 are  useful  as  target cornpounds 
because  of their  s tabi l i ty  and freedom from in- 
duced ac t iv i t ies  in the combined oxygen. Some 
carbonates  s u c h  11s B a C 0 3 ,  CaCOy, and Rb2C:03 
are a l s o  acceptable  target materials in a number 
o f  cases. Other compounds s u c h  as chlorides,  
phosphates, and su l fa tes  a r e  usually avoided be- 
c a u s e  they yield undesirable radioactivit ies s u c h  
a s  3sS, 36CC1, and 32P when irradiated unless ,  
of course,  multiple isotope production is desired.  
Nitrates and  organic compounds may decompose 
and produce pressure inside the s e a l e d  target 
ampule and  a r e  not normally used a s  target mu- 
terials.  

Effect o f  Contaminants in the Target. - Con- 
taminants iri reactor target materials a r e  generally 
clotrimental to  the production of radioisotopes for 
two reasons: (1) extraneous radioisotopes may be 
produced, thereby complicating the subsequent  
chemical processing; and (2) s ince  very high- 
specific-activity radioactive isotopes of a dis- 

similar chemical element result  from the  ( n , y - - ~ ~ ) ,  
(n?p),  and (n,a) reactions,  any product elernen t 
must b e  rigorously excluded from the  target to  
avoid reducing the spec i f ic  activity.  

Contaminants that  have a high capture c ross  
sec t ion  are particularly troublesome. For  ex- 
ample, a t race amount of cobalt  impurity in  t h e  
reagent-grade iron used for "Fe production forms 
significant amounts of 6 o C ~  by the  "Co(n,y)"Co 
reaction. I f  cobal t  impurity is present,  it  c a n  b e  
separated from t h e  iron either before or af ter  the  
reactor irradiation. 

carrier-free "Au radioisotope product of t h e  

7 -  I h e  presence of lg8Au contamination in a 

reaction is undesirable for a number of medical 
appl icat ions because  t h e  energy of y rays from 
lq8Au is higher than the energy of t h e  y rays 
assoc ia ted  with '"Au. The  "A11 contaminant 
resul ts  from the 1 g 7 A u ( n , y j ' 9 8 A ~  reaction on 
t race  quant i t ies  of gold often found in platinum. 
In this  case, the contaminant and desired product 
a r e  isotopes of the same element, and any im- 
purit ies in  the target element (platinurn) must b e  
removed before the  irradiation. 

Reagent-Grade Chemicals as Targets. - The  
radiochemical purity of a radioisotope should 
exceed 99% if possible.  This  specif icat ion c a n  



6 

requently b e  m e t  by irradiating inexpensive, 
eadi ly  obtained reagent-grade chemicals. T h e  
ollowing radioisotopes can  b e  prepared by irra- 
hat ing reagent-grade target material (the chemical 
o r m  of the  target i s  given in parentheses  after the  
adioisotope): 

24Na (Na2C03)  

6 0 ~ o  (element) 

72Ga ( G a L 0 3 )  

86Rb (Rb2Co3) 

1 1 O r n , l l o ~ g  (element) 

l z z ~ i >  (element) 

1 4 ' p r  (Pr2o3) 

''%e (element) 

'IoBi (element) 

4 2  K ( K 2 C 0 3 )  

6 4 ~ u  (element) 

76As ( A s 2 0 3 )  

9 9 ~ 0  ( ~ ~ 0 ~ )  

'' 'Cd (element) 

' * 4Sb (element) 

1 5 3 ~ m  (sm2o3) 

"'Au (element) 

46sc ( S C 2 O 3 )  

6 5 ~ n  (element) 

7 5 ~ e  (element) 

l o9Pd  (element) 

l lsrnCd (element) 

1 4 0 ~ a  (La203)  

1'7W ('NO3) 

19 7111 

I-Ig (HgO) 

It is generally advisable  to perform a t e s t  irra- 
diation (activation analysis)  on any potential  
target materials prior t o  irradiation for production, 
s i n c e  different lots  may show a surprising varia- 
tion in t race element content. 

Enriched Isotopes as Targets. -- Perhaps the  
most obvious advantage of using a n  enriched- 
isotope target over a natural-abundance target for 
reactor irradiation is that the concentration of 
target atoms in the  irradiated material can b e  in- 
creased (by orders of magnitude in 46Ca,  e.g.), 
with a consequent increase in the specif ic  activity 
of the  desired radioisotope. Another advantage 
is that undesirable radioisotopes prod-uced by 
other isotopes of the natural element c a n  usually 
b e  climinated or greatly decreased by a decrease  
in the  amount of the  offending nuclide.  For ex- 
ample, irradiation of a normal iron target gives  a 
iiiixture of act ivi t ies  containing about 20% "Fe 
and 80% "Fe. On t h e  other hand, enriched- 
isotope targets of ''Fe and "Fe permit "Fe 
or "Fe preparations with radiochemical purit ies 
of >99%. 

A long-lived radioisotope recovered from f iss ion 
isotopes c a n  a l s o  be used a s  a target material to 

produce other radioisotopes. For example, the 
weak y emitter '"I - 1.56 x l o 7  years)  i s  
encapsulated and irradiated t o  produce 3 0 1  
( % 2  = 12.5 hr). Similarly 1 4 7 P m  (T l ,2  = 2.6 
years)  yields  1 4 ' P m  ( T l I Z  - 54 days)  by the 
( n , y )  reaction. 

Target Encapsulation for Irradiation. -At  ORNI,, 
target materials for reactor irradiations a r e  s e a l e d  
in standard 2s high-purity aluminum capsules  
( s e e  Fig.  11-1) by heliarc welding. Although it i s  
a n  optional procedure, the  target material is 
usually first sea led  in a quartz ampule t o  faci l i ta te  
the  quantitative handling of s m a l l  amounts of t h e  
target. 

Encapsulation materials with a n  excessively 
high neutron-capture c ross  sect ion are avoided. 
For example, targets should not b e  encapsulated 
in a borosil icate g l a s s  s i n c e  the high boron 
neutron-capture c ross  sect ion 13840 barns for t h e  
" B ( n , c ~ ) ~ L i  reaction] significantly decreases  
the  neutron flux avai lable  to the  target atoms. 

I T  PROCESSES FOR RADlOlSOTOPES 

The  separat ion and purification of radioisotopes 
require the u s e  of many standard unit  processes .  
In fact ,  several  unit processes  were establ ished 
a s  powerful separat ions tools to  fulfill radio- 
isotope processing needs;  the  separat ions of 
metall ic ions by solvent  extraction, ion exchange, 
and gas  chromatography are examples. The  need 
for s u c h  a variety of processing techniques re- 
s u l t s  from severa l  factors: 

1. 

2. 
3 .  
4. 

5. 

wide variation in chemical character is t ics  of 
the various radioisotopes;  
high-purity requirements; 
need for processes  adapted to  remote operation; 
low concentration of t h e  product isotope in the  
material to  b e  processed; 
effect  of ionizing radiations on reagents during 
the  process  chemistry. 

T h e  separat ion of radiochemical s p e c i e s  differs 
from the  separat ion of ordinary compounds only in  
that  unusually small  quantit ies a r e  encountered, 
and at sufficiently high levels  of ionizing radia- 
tion, chemical reagents a re  damaged and unwanted 
reagents a r e  generated. The  separation of any two 
(or more) chemical s p e c i e s  i s  possible  because  
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Fig. 11-1. ORR Irradiation Can and Cap. 

of differences in  their physicochemical properties. 
Separation is always effected by subject ing the two 
species t o  a chemical or physical  environment 
that a lways permits preferential  distribution be- 
tween two phases .  T h e s e  phases  may be sol id-  
liquid, liquid-liquid, solid-gas,  or liquid-gas. The  
phases  may be the  materials to  be separated or 
they may be inert carr iers  of the materials. When 

equilibrium (or s t eady  s t a t e )  is establ ished be- 
tween the phases ,  they a re  physically separated,  
thus effecting a degree of separation of t h e  chemi- 
cal species. 

At s t eady  state, the ratio of the  concentrations 
of a chemical spec ies ,  A, in  the two phases  is 
generally referred to as  the distribution factor, or 
coefficient,  and is written D,. (All distribution 



factors must b e  consis tent  with reference to t h e  
p h a s e s  in, for example, t h e  ratio of phase  X to 
phase  Y or phase  Y to phase  X.) T h e  separat ion 
obtained between two chemicals  A and B is 
cal led the  separat ion factor, S F ,  where 

T h e  ratio is usual ly  expressed as a value greater 
than 1. T h e  larger the  separat ion factor, t h e  higher 
the  recovery and purity of the  desired chemical  
spec ies .  To es tab l i sh  the  recovery of a chemical 
s p e c i e s ,  i t  is necessary  to know the  quant i t ies  
(volumes or masses) of the  two phases .  The  
quantity of a particular chemical s p e c i e s  in e a c h  
phase,  then, i s  t h e  product of t h e  quantity of the  
phase and concentration of t h e  s p e c i e s  in tha t  
phase. T h e  recovery obtained is the  ratio of t h e  
desired chemical in the  enriched phase  to  the 
total  quantity which entered t h e  two-phase system. 
T h e  purification obtained (relative to t h e  s tar t ing 
material) is frequently expressed as decontamina- 
tion factor DF: 

where parentheses  indicate  concentrations, A and 
B a r e  two chemical  s p e c i e s ,  and  t h e  subscr ip ts  
I and F designate  the  ini t ia l  material a n d  t h e  
separated material  respectively.  

T h e  most desirable  chemical process  i s  one in 
which the  separat ion factor is sufficiently high 
tha t  t h e  separat ion c a n  b e  accomplished by a 
s ingle  equilibration of two p h a s e s  (assuming all 
other considerations a r e  equal). Many factors  
in the physical  and chemical environment s u c h  as  
temperaturc, concentrations,  complexing agents ,  
and pressure may b e  altered t o  enhance  t h e  s e p -  
aration factor. 

In cases where the  separat ion factor obtained in 
a s ingle  equilibration of two p h a s e s  (a s tage)  is 
not suff ic ient  t o  obtain the  desired purity and 
recovery, t h e  separat ion s t e p  is repeated a number 
of t imes.  T h e  degree of separat ion obtained by 
the  u s e  of a number of s u c h  equilibrations (s tages)  
depends strongly on t h e  flow pattern of t h e  p h a s e s  
among the  severa l  s t a g e s  in use .  T h e  t ransfers  of 
the  p h a s e s  may b e  ei ther  continuods or  batchwise. 
In general ,  the  stages a r e  combined countercur- 
rently, chromatographically, differentially, or co- 

currently. T h e  degree of effect iveness  and ef- 
f iciency is in  t h e  order as  given above. 

T h c  b a s i c  concept  of a stage appl ies  equally 
to  all unit p rocesses  whether they a r e  liquid- 
liquid extraction, dist i l lat ion,  chromatography 
(gas-solid or liquid-solid), precipitation, or crys- 
tall ization. T h e  quantitative treatment of the  op- 
eration of multistages,  using b a s i c  parameters as  
flow rates  and distribution factors,  is wel l  de- 
veloped and c a n  b e  appl ied effectively t o  most 
unit processes .  

The  m o s t  commonly used unit p rocesses  for the  
separat ion of radioisotopes a r e  precipitation (or 
crystall ization),  dist i l lat ion (or volatilization), 
ion exchange (or g a s  chromatography), and  solvent  
extraction. In t h e  s implest  case the desired 
radioisotope is prepared by a n  (n,y) rcaction on a 
target material; t h e  resul t ing radioelement i s  the 
same  as  t h e  target ;  and,  depending on the  purity 
of t h e  target and t h e  amount of undesired products 
result ing from t h e  irradiation, no separat ion is re- 
quired,  Process ing  is essent ia l ly  limited to dis-  
solution of the irradiated target. 

T h e  choice  of the  unit  process  is made partially 
on the  b a s i s  of t h e  effect iveness  of the  separat ion 
process ,  but largely on t h e  b a s i s  of i t s  adapt- 
abil i ty t o  remote operation. T h e  expected use-  
l ife and equipment cost a r e  also important factors.  
Simple unit  p rocesses  requiring only a s i n g l e  
s t a g e  a r e  preferred. 

Precipitation Processes. - Precipitation proc- 
esses (amorphous and crystal l ine)  a r e  common in 
chemical separat ions.  Where t h e  separat ion factors  
a r e  sufficiently large to obtain the  required se- 
lectivity,  th i s  unit process  i s  often used because  
i t  is simple and  requires only inexpensive equip- 
ment. When macro quant i t ies  of chemically and 
crystallographically unrelated materials a r e  in- 
volved, the  separat ion r a n  usually b e  accomplished 
in a s ingle  s tep.  

The  effect iveness  of the  method can  frequently 
b e  enhanced b y  t h e  u s e  of changes in valence 
s t a t e ,  homogeneous precipitations,  isomorphous 
co-crystall ization and “carrying.” A change in 
valence,  s u c h  as  in the  oxidation of C e 3 +  to Ce4+, 
c a n  result  in a comparatively s imple separat ion of 
cerium from t h e  other rare ear ths;  cerium in the  
tr ivalent s ta te  would otherwise b e  extremely dif- 
ficult to s e p a r a t e  from the  tr ivalent rare ear ths .  
Homogeneous precipitations c a n  give high separa-  
t ion factors  and  a t  t h e  same time improve the  
filtration properties of the  precipitate.  Isomorphous 
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co-crystallization is effect ive when the crystal-  
lographic s t ructures  of t h e  precipitated materials 
a r e  similar.  In isomorphous co-crystall ization, the  
distribution factors  a r e  either constant  (single 
s t a g e )  or logarithmic (differential stage).  “Car- 
rier” precipitations a r e  useful when t h e  con- 
centration of the  radiochemical is below the  limit 
of solubili ty.  The  mechanism of “carrying” may 
in many cases result  from adsorption of t h e  iso- 
tope on t h e  sur face  of the sol id  phase ,  

A particular advantage of t h e  precipii.atioii 
method is t h e  relat ive insensit ivity to  high-level 
radiation. E x c e s s  reagent c a n  b e  added to com- 
pensa te  for any radiation damage. 

T h e  u s e  of severa l  precipitation s t e p s  ( s tages)  
is generally made cocurrently. T h a t  is, s u c c e s -  
s i v e  precipitations a r e  generally made i n  s u c h  a 
way that !.he intrastage flow i s  cocurrent. Wow- 
ever,  in some cases where a high select ivi ty  is 
exhibited,  the u s e  of a few s t a g e s  arranged in a 

batchwise (pseudo) countercurrent fashion is de- 
s i rable .  P r o c e s s e s  us ing  more than three s t a g e s  
a r e  usua l ly  difficult to  employ owing to the  large 
number of v e s s e l s  and phase  contact ings required. 

Chromatograph i c Process e s . - Chromatographic 
processes  a r e  multistage operations in  which a 
sol id  phase  (except in liquid-liquid chromatog- 
raphy) remains fixed within t h e  stage and  t h e  other 
phase (gas o r  liquid) moves contiriuously through 
e a c h  stage. Ion exchange and gas  chromatography 
are two chromatographic processes  most used in 
radiochemical separations.  Chromatographic proc- 
esses where both p h a s e s  a re  l iquids (solvent ex-  
traction) a r e  rarely used s i n c e  the  more powerful 
countercurrent method is j u s t  a s  easy  to use.  

Chromatographic processes  are b e s t  su i ted  to 
separat ion of radiochemicals when t h e  leve l  of 
operation is at m i c r o  or  low macro scale. Although 
they are !ess effect ive per s t a g e  than continuous 
countercurrent processes ,  they p o s s e s s  a n  inherent 
advantage i n  being a b l e  to perform difficult s e p -  
arat ions b e c a u s e  of the  enormous number of s t a g e s  
that c a n  b e  obtained in  a relatively compact, 
simple,  packed column when using elution devel-  
opment. Elution chromatography, however, h a s  
severa l  inherent limitations: (1) nonlinearity of 
the  distribution factors,  (2) low total  loading 
capaci ty ,  and  (3) s low kinet-ics owing to diffusion 
through a s o l i d  phase.  A large change in  the  dis-  
tribution factor of a n  ion between the liquid and 
solid p h a s e  a s  a result of changes in the  con- 
centration of the s p e c i e s  in t h e  liquid phase  is 

referred to a s  nonlinearity. The  movement of ~i 

sorption band through a chromatographic column 
necessar i ly  resul ts  in a change of concentration - 
from t h e  value a t  the  peak of the  band to near 
zero  a t  the  front and rear of the  band. As a con- 
sequence  of th i s  change,  nonlinear distribution 
factors  wil l  resul t  in a slowing of t h e  hand move- 
ment at ei ther  end. Under t h e s e  conditions the  
band wi l l  exhibit  a s t e e p  front and a t a i l  extending 
up t h e  column. Such a condition always e x i s t s  to 
a degree and  thus  l imits the separat ion that can  
b e  obtained regardless  of t h e  number of s t a g e s  
used. If only a small  fraction of the  loading 
capaci ty  of the  solid phase is used,  the  result ing 
nonlirienrity i s  much less. Elution chroinatography 
i s  a f  i t s  b e s t  when used ai micro-chemistry levels ,  
However, when a micro consti tuent precedes a 

macro corislituent through the  column, the  sepa-  
ration may be sharply limited. T h e  relatively low 
loading capaci ty  (in moles per gram of exchanger), 
in combination with the  u s e  of a small  fraction of 
that  capaci ty  to reduce the  effect  of nonlinearity, 
severe ly  limits the throughput of an elut ion chro- 
matographic process. Furthermore, if high loading 
and fas t  flow rates  a r e  used, t h e  number of effec- 
t ive  stages w i l l  decrease  rapidly. 

In addition to elution development, two addi-  
tional chromatographic techniques ate used: 
displacement development and frontal ana lys i s .  
Displacement development, when su i tab le  par- 
t i t ioning and displacement agents  a r e  used, c a n  
a i d  i n  eliminating the ta i l ing effect  due t o  non- 
linearity. The  fraction of t h e  loading capaci ty  
that  c a n  b e  uti l ized is also greater than in  chro- 
matography. The  frontal ana lys i s  procedure is 
generally used a s  a concentration s tep,  which at  
the  same time c a n  provide some degree of separa-  
tion. 

Ion-exchange processes  make u s e  of a wide 
variety of organic and inorganic exchangers  which, 
when employed in  combination with a variety of 
e lut ing (complexing) agents ,  provide a broad 
capabili ty for the  separat ion of both cat ionic  and 
anionic spec ies .  fjowever, the use of organic 
ion exchangers  a t  high radiation leve ls  presents  
problems of radiation damage to the  resin and  
gass ing  of the  liquid phase.  

Gas chromatographic processes  for radioisotopes 
u s e  almost exclusively a sol id  phase such  as 
act ivated carbon or molecular s i e v e s ,  both a t  low 
temperature. Although t h e  mechanism of partition 
in ion exchiinge is entirely different from that in 
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;as chromatography, the  bas ic  theory, the tech- 
i iques,  and t h e  inherent advantages and limita- 
:ions of the  method apply equally t o  both cases. 
Solvent Extraction. - Solvent extraction proc- 

e s s e s  may b e  either single- or multistage de- 
pending on the desired purity and recovery, and 
the separation factor between t h e  two chemical 
s p e c i e s  that  a r e  to be separated.  Multistage 
processes  may b e  operated either batchwise or 
continuously, but batch solvent  extraction i s  
usually limited to the equivalent of two or three 
s t a g e s  because  of the large number of v e s s e l s  
and manipulations that  a r e  required. Operation 
of a multistage solvent extraction process  may be 
cocuirent,  differential, or countercurrent. 

A wide variety of extractants of high select ivi ty  
and high capaci ty  makes solvent  extraction a 
useful process, particularly when large quantit ies 
of product a re  required. The s t a g e  efficiency ob- 
tained in proper equipment c a n  be nearly theo- 
re t ical  and,  because  of the  relative e a s e  in moving 
of the phases ,  t h e  most effective means of op- 
eration of the s t a g e s  (continuous countercurrent) 
can b e  employed. In addition, equilibrium i s  
reached rapidly enough to  allow very high flow 
rates.  Radiation effects  a r e  not ordinaiily a 

problem except  at  the very high radiation levels .  
Solvent extraction is  well sui ted for remote ap- 

eration. 
One of t h e  most cr i t ical  factors in multistage,  

continuous countercurrent, solvent-extraction oper- 
ation is the high c o s t  of t h e  equipment ..- due 
in part  to  the  c o s t  of controls and instrumentation. 

Reductions in production level  result  in only 
relatively small reductions in cost .  The  c o s t  of 
equipment for batch or differential extraction is 

relatively low. For these  reasons the  u s e  of sol-  
vent extraction processes  involving more than a 
few s t a g e s  h a s  been limited t o  applications where 
high product levels  and long equipment l ife are 
requircd. IIowever, because of the  versati l i ty and 
select ivi ty  of solvent  extraction, a s ing le  batch 
s t a g e  can accomplish many useful separat ions.  

Dist i l lat ion and Volatility. - Disti l lation and 
volatility processes  for radioisotope production 
are  almost a lways s ingle  s tage.  In the present 
context,  dist i l lat ion i s  considered a s  the separa- 
tion of two liquids by the formation of a vapor 
phase that i s  then condensed in equilibrium with 
the vapor. 'rhe separation factor i s  the ratio of 
the vapor pressures  of the two liquids. The  dis-  
t i l lat ion s t a g e  i s  the normal differential s tage  ob- 
tained by the  evaporation of a liquid mixture until 
the  required component has  been reduced to a 
given level.  Continuous countercurrent, multi- 
s t a g e  distiI lation i s  seldom employed. 

Volatility processes  are those in which a g a s  is 
separated from a liquid or sol id  where the  liquid 
or so l id  h a s  a n  insignificant vapor pressure a s  
compared t o  the gas. Generally, the  g a s  i s  gen- 
erated a t  the time of the  separation. In such 
cases the separation factor is enormous, with the  
separation being limited only by the physical  dis-  
engageinelit of the two phases .  Volatility, when i t  
can b e  appl ied,  is a highly effective and inex- 
pensive method of separation. 
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Detailed procedures used in processing i so topes  
a t  ORNL are  given in th i s  section. Targe ts  used,  
yields,  and isotope character is t ics  are l is ted 
in addition to step-by-step procedures for obtain- 
ing  the  radioisotope. 

Production yields  are based  on reactor experi- 
ence.  They reflect “downtime” of the reactor, 
flux depression from adjoining samples ,  and other 
inherent variables.  In addition, decay l o s s e s  that  
occur between the  time of discharge of the  sample 
from a reactor and chemical processing are in- 
cluded in  t h e  yield data;  thus these  a re  practical  
rather than theoretical  values.  Theoretical y ie lds  
are  given in Appendix C along with t h e  method of 
calculation. 

It is recognized tha t  variations in  individual 
operations a r e  difficult to  descr ibe;  the  two- 
column format i s  an attempt to s o l v e  th i s  problem. 
Discrete process  s t e p s  are s ta ted  in the  left  
column, and d iscuss ions ,  interpretations,  or 
warnings a re  l i s ted  opposi te  each s t ep  in the  
right column. 

The  shielding indicated in each procedure for 
ieduction of the  radiation to  a s a f e  value is that 
amount usually found necessary  by our experience 
for the quantit ies of radioactivity present. T h i s  
value should b e  used  only as a guide in specifying 
shielding for individual cases, and standard 
tex ts  should be consulted for specif ic  applica- 
tions. 

The  half-life value and radiations l is ted i n  t h e  
procedures are generally taken froin the O K N L  
Catalog of Kadio and Stable Isotopes, 1963, and 
the  cross-section values  from t h e  Chart of the 
Nuclides. 

‘Because thcre a re  often numcrous values  for radia- 
t ions  from isotopes,  only representative values  a re  
given in  the  introduction to each  procedure. The values  
chosen usually include the  lowest and highest  beta  and 
gamma radiations in  Mev, 

*Chart of the Nuclides,  Knolls Atomic Power Lab- 
oratory, U.S. Atomic Energy Commission, 6th Ed., 2d 
Printing, Revised t o  December 1962. 
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REMOVAL OF SAMPLE FROM ALUMINUM IRRADIATION CAPSULES 

1. 

2. 

3. 

d 

Prepare equipment 

Clamp aluminum irradiat ion capsule i n  
vi se. 

Cut top from irradiation can wi th  tubing cutter. 

Empty sample in to  beaker. 
(a) I f  irradiated sample i s  not encapsulated 

in quartz, empty contents o f  can in to a 
beaker for processing. 

(b) I f  irradiated sample i s  encapsulated i n  
quartz, remove quartz capsule and place 
i n  a Tygon tube for breaking. 

Vise 
Tubing cutter 

A small, standard machinist's v ise i s  mounted on a 
heavy base and placed in  a shielded manipulator 
cel l .  A vert ical  s lo t  cut  in  the jaws of the v ise 
assists in  holding the irradiation can without 
crushing the side walls. 

Make cut as near top as possible. Do not cut too 
deep on any single revolution of the cutter to pre- 
vent binding and crimping of the soft aluminum. 

Powdered samples may become dispersed during 
discharge from can. To  prevent dusting, invert 
opened capsule on bottom of beaker containing a 
small quantity of water. Wash capsules wi th  
water to  remove entire sample. 

cork stopper wired in  place at one end, i s  loaded 
wi th  the quartz capsule. The open end is closed 

See Fig. 111-1. A 4- t o  S in .  Tygon tube, with a 

wi th  a second cork stopper after the tube wal ls 
are depressed t o  remove as much air as possible. 
Removal of air eliminates the poss ib i l i ty  of blow- 
ing out the stopper when the quartz ampule i s  
broken. 

Avoid crushing the capsule into small fragments. 
Crack the quartz so that it may be removed from 
the tube in large pieces. 

Strike the quartz ampule in the tube 
wi th  a small hammer. 

Open the tube and empty contents into 
beaker. 

Wash Tygon tube wi th  water to  remove 
traces o f  sample. 

Wash quartz fragments wi th  water or 
reagents specified in procedure and 
decant solut ion in to  a c lean beaker. 

See indiv idual  procedures for proper reagent. 

Fig. 111-1. Equipment for 6reaking Quartz Ampule. 
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ANTIMONY- 122 

Production method: 

Cross section: 

Target:  

Target weight: 

Neutron flux: 

Irradiation time: 

Reactor yield: 

Process ing  yield:  

Radiochemical purity: 

'Sh(n,y) ' * 'Sb 

6.06 barns 

Antimony metal 

1.0 g 

i x  1013 
neutrons cm-' sec-' 

6 1  hr 

300 m c  

>95% 

99% (exclusive of lZ4Sh) 
.. . . .. .- 

1. Prepare equipment. 

2. Open aluminum irradiat ion can and break quartz 
ampule. 

3. Transfer target material into 200-mi flask, 

4. Rinse Tygan tube with two 4-ml port ions o f  
12 M MCI. Add to processing flask. 

5. Add 2 to 3 ml of 15 M "IO, dropwise to aid i n  
dissolut ion of target material. 

6. Evaporate solution to  -1 mi. 

7. Cool f lask to  room temperature, r inse w i th  two 
15-ml portions of cold 12 M HCI, and transfer to  
beaker. 

8. Decant solution from broken quartz ampule into 
a 100-ml product bott le and bu i ld  volume t o  
50 mi w i th  d is t i l l ed  H,Q. 

9. Sample and analyze for: 
Molari ty of HCI 
Total  sol ids 
122Sb concentration 
Radiochemical pur i ty 

Half-life: 2.75 days  

Radiations: 

Beta Gamma 

0.74 (4.0%) 0.566 (66.0%) 

1.40 (62.9%) 0.686 (3.1%) 

1.97 (30.0%) 1.137 (0.73%) 

1.258 (0.66%) 

Process ing  facil i ty and shielding required: 
manipulator cell, 3 in. lead equivalent 

Other 

EC 3.1% 

. . .. . . . . . .... ..I..... . . __. . . ..__I_ 

200-ml f lask wi th ref lux condenser (Fig. 111-2) 
150-ml Pyrex beaker 
100-1111 product bott le 
Hot plate or heating mantle 

See opening procedure, p. 12. 

Equip f lask wi th ref lux condenser io minimize l o s s  
of vo la t i le  SbCl 3. 

Tygon and w i l l  provide adequate HCI for dissolu- 
tion. 

These r inses remove residual target material from 

Ni t r i c  acid minimizes formation o f  vo la t i le  SbCI,. 

Evaporation expels excess HNO,, CI,, and NO,. 
Flask must be cooled t o  room temperature before 

opening t o  prevent volat i l izat ion of SbCI,. 

Product solut ion should be clear and woter-white. 
F ina l  product should be  greater than 6 M HCI to 
prevent precipitat ion of SbOCI. 

Refer t o  ORIYL, Master Analytical Manual (TID- 
7015), procedure No. 9 0733040. 
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Fig. 111-2. Glass Disti l lat ion Equipment with Reflux Condenser. 
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ANTIMONY- 124 

l 2  3Sb(n,y) 124Sb Half-life: 60.9 days  Production method: 

Cross section: 3.3 barns Radiations: 

Beta  Gamma Target: Antimony metal 

Target weight: 1.0 g 0.24 0.605 

0.966 1.71 

2.317 2.11 

Process ing  facility and shielding required: 

Neutron flux: 2 x  1014 
neutrons sec-' 

Irradiation time: 24 w e e k s  

Reactor yield: 5 curies manipulator cell ,  3 in. lead equivalent 

Radiochemical purity: >99% 

Process ing  yield: >95% 

-_ 

1. Prepare product solution from target. Procedure i s  identical to that for '22Sb. 
2. Sample and analyze for: 

Molarity of HCI 
Total  solids 
lZ4Sb concentration 
Radiochemical purity 

Refer to ORNL Master Analytical Manual (TID- 
7015), procedure No. 9 0733041. 
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ANTIMONY- 125 

Production method: 

P-- 
'24Sn(n,y) '25mSn ' 25Sb 

10m 

Cross section: 0,004 barn 

Target:  T in  metal foil 

Target weight: 1 g  

Half-life: 2.78 years  

Radiations: 

Beta  Gamma' 

0.128 (29%) 0.035 

0.300 (45%) 0.463 

0.444 (12%) 0.595 

Neutron flux: 2 1 0 1 ~  0.612 (14%) 0.637 

Irradiation t i m e :  3 years  manipulator cell, 6 in. lead equivalent 

neutrons cm- sec- 
Process ing  facil i ty and shielding required: 

Reactor yield 30 mc 

Process ing  yield: >95% 

Radiochemical purity: 99% (exclusive of ' 25mTe daughter) 

1. Prepare equipment. 200-ml f lask f i t ted wi th  ref lux condenser 
(Fig. 111-2) 

Hot off-gas scrubber un i t  (Fig. 111-3) 
Column of 30-mesh t i n  metal (Fig. 111-4) 
Magnetic stirrer 
Two 150-ml Pyrex beakers 
250-1111 Pyrex beaker 
Two 400-ml Pyrex beakers 
250-ml separatory funnel 
100-ml product bott le 

2 Open irradiation can and transfer target to  
200-ml f lask f i t ted wi th  re f lux condenser. 

3. Add 10 to 12 ml of co ld  12 M HCI through 
sep ar at ory f u nn e I. 

4. Transfer solution from f lask t o  150-ml 
beaker and adjust to  3 to  4 M  HCI wi th  
d is t i l l ed  H,O. 

5. To prepare tin column, wash wi th  4 M HCI 
and then wi th  H20. 

6. Pass dissolved target solut ion through tin 
column. 

See opening procedure, p. 12. 

Dissolut ion of t i n  target requires -8 hr. 

Use f lask r inse for dilution. 

Effluent contains 113Sn. Antimony-125 remains on 
column appearing as a black band in  f i rs t  1 in. of 
column. 

7. Transfer f i r s t  1 in. of t in containing '"Sb 
from column and place i n  150-ml beaker 
under hot off-gas scrubber assembly. 

8. Add #) ml of 12 M HCI and a l low tin to  
dissolve. t ion of '25Sb. 

9. Add 80 ml of 12 M HCI to  increase volume to  
100 mi. 

ammonium sulfate crystals. 

Addition of 2 t o  3 drops of H 2 0 2  aids in  dissolu- 

10. Add 20 ml of H,PO, and 100 mg o f  ceric Solution i s  pale ye l low when oxidation of Sb3+ to 
Sb5+ i s  complete. 



11. Extract solut ion wi th  50 ml of diisobutyl 
carbinol in heptane, using a magnetic stirrer 
i n  a 400-ml beaker. 

12 Transfer t o  funnel and separate phases. 

13. Wash organic tw ice  wi th  50-ml portions of 
12 M HCI. 

14, Wash organic phase three t imes w i th  d is t i l l ed  
H,O and combine wash in to  250-mi beaker. 

15. Evaporate to near dryness and fume wi th  
16 M "0,. 

16. Fume wi th  12 M HCI. 

Ratio 1 : 1; -10 min contact time. 

Antimony-125 i s  extracted into organic phase. 

This step removes trace contaminants. 

Wash removes 125Sb from the organic phase. 

Organic compounds are removed. 

N i t r i c  acid i s  removed. 

17. Dissolve residue i n  4 0  ml of 6 iM HCI and 
transfer t o  product bottle. 

18. Sample and analyze for: 
Molari ty of HCI 
Tota l  so l ids 
12'sb concentration 
Radioc hemical puri ty 

Refer to ORNL Master Analytical Manual (TID- 
7015), procedure NO. 9 0733402 

O R N L - D I G  UNCLASSIFIED 64-3297 
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Fig. 111-3. Hot Off-Gas Scrubber Unit. 
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Fig. 111-4. Ion Erchonge Column with Head Vessel. 
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Production method: Half-life: 34.3 days  

Cross section: Not known 2.6 k e v )  

40Ca(n,a)3 7Ar (by-product Of 45Ca production) Radiations: EC (emi ts  (;l ray of 

Target: CaO Process ing  facility and shielding required: 
manipulator cell, -24 in. lead equivalent; 
hot hood equipped with fixed equipment 

Target weight: 3 g  

Neutron flux: 2 x  1 0 1 4  
neutrons c m - 2  sec-' 

Irradiation time: 3 months 

Reactor yield: 600 m c  

Processing yield: >SO% 
Radiochemical purity: 9 9 %  

I_-____ ___ -.-...__I_ ..... ll__l__ 

--l_l_l_ --...- ____I__ 

1. Prepare equipment. 150-ml suction f lask 
500-ml round vacuum flask 
50-ml  separatory funnel 
F ixed equipment (Fig. 111-5) 
See opening procedure, p. 12. 2. Open irradiation can and transfer CaO target 

into 15Q-mll suct ion flask. 

3, Connect evacuated co l lect ion f lask to side 
arm of suction flask. 

4. Slowly introduce 50 ml o f  0.5 M HCI into the 
s ~ c t i o n  f lask through separotory funnel. 

Do not open co l lect ion f lask valve. 

5. Open col lect ion flask valve. Verify that separotory funnel valve is  closed when 

Argon-37 is displaced into col lect ion flask. 

co l lect ion flask valve i s  opened. 

hen all of CaO i s  in solution, careful ly f i l l  
suction flask to level o f  side arm with 
0.5 M HCI. 

7. Close va lve of collection f lask and remove 
from manipulator cell to hot hood tor f ina l  
pur i f  icat  ion. 

8. Connect col lect ion f lask to argon purif icat ion 

9. Pump 37Ar from col lect ion f lask through 

system. 

calcium trap heated to  800°C. 
Pump unf i l  manometer indicates constant pressure. 

Pump gas into evacuated ion chamber and take 

Air and water  vapor are removed. 

. Determine quantity of 37Ar c d L x t e d .  
reading. 3 

11. Pump g a s  bock in to  puri f icat ion system and Sample and analysis steps are not  appl icable for 
f i l l  ampules a5 needed. th is  gas. 

3 K .  E. Wi l rbach ,  A. R. Vun Dyken, and Louis Kaplan, 
Deterrttination of Tritium by ion Crrrrent Measurement, 

ANL-5143 (October 1953); also  p u b l i s h e d  in Anaf .  Chenl. 

26: 850-83 (1954). 
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A ~ ( n , y ) ' ~ A s  Half-life: 25.8 hr Production method : 7 5  

Cross sect ion:  4.3 barns 

Target: 

Target  weight: 50 mg 
As 2 0  3 

Neutron flux: 0.7 1 0 ' 3  

Radiations: 

Beta  Gamma ' 
0.36 (2.5%) 0.549 

1.76 (16%) 1.20 

2.41 (31%) 1.40 
neutrons c m - 2  sec-'  

Irradiation time: 60 hr 

Reactor yield:  150-200 m c  2.96 (50.5%) 2. os 
Process ing  facil i ty and shielding required: 

manipulator cell, 2 to 3 in. lead equivalent Processing yield: >95 % 
Radiochemical purity:  >98% 
_l-._l_.____.. ~ __ . ...... -..-- ___ -- ___ .......... ...................... 

1. Prepare equipment. Hot off-gas scrubber uni t  (Fig.  111-3) 
150-ml Pyrex beaker 
1QQ-rnl product bottle 

See opening procedure, p. 12. 2. Open irradiation and transfer target 
materia! into beaker placed under hot off-gas 
scrubber assembly. 

3. Dissolve target material in a ~~~~~~~ amount 
of 12 M HCI and H202" 

The target, As,O,, i s  s lowly soluble in cold HCI, 
but i s  readi ly soluble in hot HCI when a few 
drops o f  H,O, are added. Avoid boi l ing because 
loss of arsenic as vo la t i le  ASCI, may occur. 

4. Adjust volume to 9 rnl of 1 M HCI and transfer 
to 100-ml product bottle. 

Product solution should be clear and water-white. 

5. Sample and analyze for: 
Normality of HGI 
Total  solids 
7 4 ~ s  concentration 
~ a ~ i o c ~ e ~  i ral purity 

Refer to OKNL Master Analytical Manual (TID- 
7015)) procedure No. 9 0933063. 
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ARSENl C-77 

Production method: 

13 ' 6Ge(n,y) 7Ge 7As 
1 ah 

Ctoss section: 0.2 barn 

Target: G e 0 2  

Target weight: 5.0 g 

Neutron flux: 2 1014 
neutrons cm- '  set‘.' 

Irradiation time: 60 hr 

Reactor yield: 70 m c  

Process ing  yield: >80% 

Radiochemical purity : >99% 

Half-life: 38.7 hr 

Radiations: 

Beta 

-0.44 

0.7 

Gamma 

0.086 

0.246 

0.524 

Process ing  facility and shielding required: 
manipulator cell, 3 to 4 in. lead equivalent 

1. Prepare equipment. 

2. Open irradiat ion can and transfer target 
material and broken quartz capsule into 
processing flask. 

3. Add 50 ml of 12 M HCi and heat flask. 
Introduce 30% H,O, into f lask a t  the rate of 
-1 drop/min. 

4. B i s t i l  for -1 hr to  remove Ge as GeCI,. 

5. D i lu te  wi th d is t i l l ed  H,O t o  -40 ml and 

6. Wash quartz fragments from irradiat ion capsule 

transfer t o  product bottle. 

remaining in f lask with 10 ml of d is t i l l ed  H,O 
and add to product. 

7. Sample and analyze for: 
Molari ty of HCI 
Total  sol ids 
77As concentration 
Radiochemical puri ty 

300-ml f lask wi th ref lux condenser (Fig. 111-2) 
100-ml product bott le 
Hot plate or heating mantle 

See opening procedure, p. 12. 

Hydrogen peroxide aids in  the dissolut ion of GeO, 
and oxidizes the A s 3 +  to As 5t to prevent loss of 
volat i le ASCI,. 

Continue addition of H,O, during dist i l lat ion.  

Volume i n  boi l ing f lask should be reduced to 
-12 ml. 

Refer to  ORNL Master Analytical Manual (TID- 
7015), procedure No. 9 0733064. 
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BARIUM-131 

Production method: 

Cross section: 

Target: 

Target weight: 

Neutron f l u x :  

Irradiation time: 

Reactor yield: 

Process ing  yield 

Radiochemical purity: 

t3a(n, y)  l 3  'Ba Half-life: 12.0 days. 130 

8.8 barns Radiations: 

BaCO Beta Gamma 

44.0 g None 0.083 (weak) 

2 x  1014 0.372 

40 hr 

5 mc 

95% 

>98% (exclusive of 
l 3  ' C s  daughter) 

0.496 (strong) 

1.032 (weak) 

n e u t r u ~ i s  c m - '  sec- 

Processing facil i ty and shielding required: 
manipulator ce l l ,  3 to 4 in. lead equivalent 

Other 

EC 

1. Prepare equipment. 

2. Open irradiation can and transfer target into 
beaker containing 10 mi of d i s t i l l e d  H,Q 
placed under hot off-gas scrubber assembly. 

3. Slowly add 6 M "8, until SaGO, is 
dissolved. 

4. Evaporate to near dryness, add 10 m i  of 
12 M HCI, and heat un t i l  reddish-brown fumes 
ore no longer evolved from the solution. 

5. Cool beaker and add 20 ml of 12 M HCI. 

6. F i l te r  precipitate on a sintered-glass funnel 
and wash twice wi th  20-ml portions of 
12 M HCI. 

7. Dissolve precipitate from f i l ter  wi th  a minimum 
quantity of d is t i l l ed  H,Q and r inse fi l ter. 

8. Adjust  volume to  -50 rnl of 1 M NCI and tsans- 
fer to product bottle. 

9. Sample and analyze for: 
Molari ty of HCi 
Tota l  sol ids ' 3 1  Ba concentration 
Radiochemical pur i ty  

150-ml Pyrex beaker 
Hot off-gas scrubber un i t  (Fig. 111-3) 
20-rnl sintered-glass funnel 
100-ml product bott le 

See opening procedure, p. 12. 

Rapid addition causes excessive l iberation of CO,. 

Th is  step converts Bo(NO,), to BoCI,. 

Al l  barium precipitates as 5aCI2. 
Use f ine sintered-glass funnel. Check f i l t rate for 

' 3 3 B a  activi ty. If low, discard. 

Product solution should be clear and water-white. 

Refer to OKNL Master Analytical Manual (TID- 
7015), procedure No. 9 0733085. 



24 

BARIUM-133 

Production method: 

Cross section: 

Target: 

Target weight: 

Neutron flux: 

Irradiation time: 

Reactor yield: 

Process ing  yield: 

Radiochemical purity : 

l 3  'Ba(n,y) 3Ba Half-life: 7.5 years  

7 barns Radiations: 

BaC03 ,  enriched to  7% Beta  

1 3 2 B a  None 
140 mg 

2 1014 
neutrons c m - 2  sec-' 

2 years  

250 m c  

>go% 

>98% 

Gamma 

0.057 

0.082 

0.300 

0.357 

Process ing  facility and shielding required: 
manipulator cell, 3 to  4 in. lead equivalent 

Other 

EC 

.___. .... __ .... 

1. Prepare equipment and process target for 
1 3 3 ~ a .  

2. Sample and analyze for: 
Molarity of HCI 
Tota l  solids 
l 3  'Bo Concentration 
1 3 3 ~ a  concentration 
Radiochemical purity 
Heavy metals 

Equipment and procedures are identical to  those for 
131i3a. 

Refer to O R N L  Master Analytical Manual (TID- 
7015), procedure No. 9 0733084. 
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BARIUM-140-LANTHANUM-140; STRONTIUM-139 AND -90 

Production method: F i s s ion  

Fiss ion yield:  14'Ba 6.3% 
" ~ r  4.3% 

Half-life: 14'Ba, 12.8 days;  I4'La, 40.3 hr; 
Sr, 50.5 days;  " S r ,  28 years 89 

Radiations: 

Tar get : U-A1 alloy Isotope Beta Gamma ' 
Irradiation t i m e :  21 days  14013a 0.480 (40%) 0.030 

Radiochemical purity: 14'Ba >99% (exclusive 1.022 (60%) 0.162 

of 14'La daughter) 0.537 

14'La in equilibrium 4 0 ~ a  1.32 (-70%) 0.093 
1.67 (-20%) 1,60 
2.26 (-10%) 2.50 

* 9Sr 1.463 

" ~ r  0.61 

3.0 (weak) 
None 

None 

Process ing  facility and shielding required: 
manipulator cell, 8 in. lead equivalent (needed for 
140RB- '1'La) 

_..__l_l_ -_ __.._ ~ _ _ _ l _ l _  ~ ~ . _ . I _ _  ___I_. 

Source of Material 

Matesiol processed for short-lived f ission products 
is 5 g of 235U alloyed with 105 g of aluminum. 
This is irradiated in a neutron flux of -2 x 1014 
for 4 weeks. The alloy i s  dissolved in NaQH to 
remove aluminum, followed by HNO, t a  dissolve 
the uranium. The volume of t he  solution of dis- 
solved uranium is -3 liters. After the l3'I is 
removed from th i s  solution, 200 m l  is used for the 
short-lived f iss ion products (see ' , ' I  processing 
procedure). l!raniurn and plutonium are extrocted 
with tributyl phosphate (TBP). The solution i s  
-5 to 6 M MNO,. 

Process ing  Sample 

1. Prepare equipment. Extractor (Fig.  111-6) 
Four 500-rnl Pyrex  beakers 
Three ion exchange columns (15 m m  x 18 in.; two 

Mot plate 
100-rnl sample collection bottles 

10 nun x 4-5 in.) 

2. Add -200 mg of lead as  Pb(NO3), and transfer 

3. Moke solution 65% HNO, with f u m i n g  HNQ,. 

Lead is used a s  carrier for Bo-Sr nitrates,  
to extractor. 

Lead nitrate with Bo-Sr i s  insoluble i n  65% HNO,, 
Agitate for 5 min.  

4. Filter solution and leave precipitate an fri t ted 
disk. Wash precipitote with fuming HNO, and 
add wosh solution to filtrate. 

forming a white precipitate. Except for traces,  
other ions remain in  solution. 

Save filtrate and use for short-lived rare-earth 
processing. 
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5. Add 50 ml of d is t i l l ed  H,O to  Pb(NQ,), pre- 
cipitate. Agitate for 5 min t o  dissolve pre- 
cipitate. Transfer solut ion t o  a clean vessel 
by vacuum transferring through a f r i t ted glass. 
Repeat twice. 

6. Bo i l  Pb(NO,), solut ion t o  dryness. 

7. Dissolve Pb(NQ,), with 75 ml of d is t i l l ed  
H,O. Add 100 ml of H,O saturated wi th  H,S. 
Fil ter. 

8. Prepare 15-mm x 18-in. ion exchange column 
wi th  hot-water jacket. Set column discharge 
l ine t o  pass through ion chamber. Fil l  column 
wi th  -50 +lo0 mesh, hydrogen-form Dowex 
5OW-X12 resin. 

9. Load res in  wi th  Bo-Sr solut ion at fu l l  f low 
rate. Wash wi th  150 ml of d is t i l l ed  H,O. 

10. Elute column wi th  0.2 M c i t r ic  ac id  at  pH 3.5 
at  rate of 1 drop per 3 sec unti l  f i r s t  peak 
shows on ion chamber. Introduce 80°C hot 
water t o  jacket 1 hr after elut ion begins. 
Col lect  fractions i n  100-ml bottles. 

Flatten top of resin. 

11. When 140La peak has eluted from column, 
raise the pH of c i t r i c  ac id  eluant solut ion in 
feed tank t o  5.0-6.5. Continue e lu t ion as 
before. 

12. When second peak begins to show on ion cham- 
ber, change to  new bottle. When peak is 
nearly gone, change again. 

13. Continue elution. When th i rd  peak begins, 
change t o  new bottle. When peak goes down, 
stop collection. Stop column. 

14 Sample each bot t le  o f  second and th i rd  peaks 
separately. Submit t a  laboratory for analysis, 

15, Prepare two columns 10 mm x 4 to  5 in. Fi l l  
wi th  hydrogen-form -50 + 100 mesh Dowex 
50W-Xl2 resin. 

16. To the selected fractions of 140Ba, add 3 ml 
of  concentrated HCI per 100 ml o f  fraction. 
Agitate and d i lu te  t o  400 ml wi th  d is t i l l ed  
H,O. L o a d  onto one o f  the small columns. 
Wash wi th  50 ml of d is t i l l ed  H,O. 

17. Strip column w i t h  100 m l  of 3 M HNO, and 
wash wi th  50 ml of d is t i l l ed  H,O. 

18. Boil HNO,-Ba solut ion to  dryness. Fume 
twice wi th  concentrated HNO,, then tw ice  
wi th  concentrated HCI. 

Lead nitrate and Ba-Sr are soluble i n  H,O. 

Excess acid i s  removed. 

Hydrogen sulf ide removes lead as PbS. F i l t ra te 
contains Ba-Sr. 

The ion chamber penetrated by the column dis- 
charge l ine  i s  used to monitor act iv i ty  peaks 
(Fig. 111-7). F l a t  top on resin ensures good band 
formation during loading. 

Degas c i t r ic  acid solution by boi l ing before intro- 
ducing it into column. F i rs t  peak i s  14'La plus 
occluded rare earths. Dissolved air i n  column 
must be swept out by degassed eluant before hot 
H,O i s  applied t o  jacket of column. 

Higher pH moves Ba-Sr more rapidly. 

Second peak i s  89Sr. 

Thi rd  peak i s  I4OBa. 

Determine which fractions of second peak are pure 
69Sr. Determine which fractions of third peak are 
pure 1408a. 

One column i s  for concentration of 14'Ba and the 
other for 89Sr. 

Hydrochloric acid breaks the citrate complex and 
permits the barium t o  sorb on resin. 

Wash removes c i t r i c  acid. 

Th is  step str ips barium from resin. 

Th is  step destroys organic compounds and converts 
barium to chloride form. 
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19. Take up BaCI, in 100 rnl of  1.0 M HCI. 

20. Sample and analyze for: 
Total sol ids 
Heavy metals 
14’Ba concentration 
Rodiochemical purity, including gross alpha 

Refer to ORNL Master Analytical Manrial (TID- 
7015), procedure Nos. 9 0733081 and 9 0733082. 

Strontium-89 ond -90 

21. Col lect  895r  fractions obtained in step 12 and 
add 3 rnl  of concentrated HCI. Di lu te to 
400 ml wi th  d is t i l l ed  H,O. Load onto a small 
ion exchange column as prepared in  step 15. 

Hydrochloric acid breaks citrate complex and per- 
m i t s  89Sr to sorb on resin. 

22 Strip column wi th  100 ml of 3 M “0,  and 

23. Boil HNO,-”Sr solut ion to dryness and fume 

Elu t ion  removes 8 9 ~ r .  
wash wi th  58 ml of d is t i l l ed  H,O. 

tw ice wi th  “0,. 
Treatment destroys orgarlic compounds. 

24, Fume wi th  HCI. Hydrochloric acid converts nitrate to chloride. 
25. Dissolve 89SrCI, i n  100 ml of 1 M HCI, 
26. Sample and analyze for: 

8 9 ~ r  concentration 
Gross alpha 
Heavy metals 
Total solids 
Radiochemical pur i ty  

Refer to  ORNL Master Analytical Manual (TID- 
7015), procedure No. 9 0733801. 

UNCLASSIFIED 
ORNL-DWG G4-3299 

VENT, LINE 

TO SCRUBBFR 
AND VACLJUM 

3 - WAY 
STOPCOCK 

Fig. 111-6. Pyrex Extractor Vessel w i th  f i l t e r .  

CAPACITY 

STOPCOCI 
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BISMUTH-210 (ROE) 

Production method: 20gBi(n,y)2 "Bi Half-life: 5.00 d a y s  

Cross  section: 0.0 15 barn Radiations:  

Target: Bismuth metal powder Alpha Beta  Gamma 

Target weight : 150 mg Process ing  facility or shielding required: 

Neutron flux: 2 1014 manipulator cell, 2 to 3 in. lead equivalent 

or lumps (5 x 1.17 (99'%) None 

neutrons c m - 2  sec-'  

Irradiation time : 60 hr 

Reactor yield: 16 m c  

Processing yield: >95% 
Kadiochemical purity: >98X (exclusive of "Po 

and '* 6T1 daughters) 
I .____-- 

1. Prepare equipment. Hot off-gas scrubber unit (Fig. 111-3) 
150-ml Pyrex beaker 
100-rnl product bottle 

2. Open irradiat ion con and transfer target 
moterial in to  beaker placed under hot off-gas 
scrubber assembly. 

3. Cover target material w i t h  5-10 ml d is t i l l ed  
H,O and add 16 M "0, dropwise to dissolve 
torget. 

See opening procedure, p. 12. 

4. Heat gently unt i l  target is completely 
d i s so I ved. 

5. Build volume to 50 ml with 3 M HNO, and 

4. Sample and analyze for: 
Molari ty of HNO, 
Tota l  sol ids 

l o  Bi  concentrotion 
Radiochemical puri ty 

transfer to  product bottle. 
Product solution should be  clear and water-white. 

Refer t o  ORNL Master Analytical Manual (TID- 
7015), procedure Nos. 9 0732005, 9 002301, 
9 073300, 9 002302, and 9 073302. 





B ROMl N E-82 

Production method: 

Cross  sec t ion  

Target : 

Target weight: 

Neutron flux: 

Irradiation time : 

Reactor yield: 

Process ing  yield: 

Radiochemical purity: 

'Br(n,y)' 2Br 

3 barns 

KBr 

150 mg 

2 x  1014 

40 hr 

4 cur ies  

>90% 

>98% 

neutrons c m  - 2  

- 

1. Prepare equipment. 

2. Open irradiat ion can and transfer target 
material to  beaker placed under a hot 0 f f - g ~ ~  

assembly. 

3. Add 25 rnl of d i s t i l l ed  H,O. 
4. Prepare two 50-ml ion exchange columns 

with Amberl i te IR-120 cation resin. 

Half-life: 35.55 hr 

Radiations: 

Beta Gamma 

0.46.5 0.517 

0.766 

1.312 sec- 

Processing facility and shielding required: 
manipulator ce l l ,  6 in. lead equivalent 

... .___ ......... __ . . . . . . . . . . . . . . . . . .- 

5. P lace  dissolved target solut ion i n  head tank 
of f i r s t  column. Eff luent from th is  column i s  
transferred direct ly to head tank of the second 
column. 

6. When solution has passed through both columns, 
wash columns w i th  three 25-1111 washes of 
d is t i l l ed  H,O. 

7. Combine eff luents into a clean beaker and 
evaporate to 50 ml. 

8. Sample and analyze for: 
8 2 ~ r  concentration 
Radiochem ical pur i ty 
Total  sol ids 

Two ion exchange columns (Fig. 111-8). 
Three 150-ml Pyrex beakers 
Hot off-gas scrubber unit  (Fig. 111-3) 

See opening procedure, p. 12. 

Water dissolves target. 

Condit ion one column with 6 M HCl and wash with 
d is t i l l ed  H 2 0  unt i l  eff luent i s  neutral. Condition 
a second column t o  potassium form with 1 M KOH 
solution and wash with d is t i l l ed  H 2 0  unt i l  neutral. 

Potassium remains on f i rs t  column, and 82Br elutes 
from second column as KBr. 

Refer to  OXNL Master rlnalytical Manual (TID- 
7015), procedure No. 9 0733131. 
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Fig, 111-8. Double Ion Exchange Column for 82Br Purification. 
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CADMIUM- 109 

Production method: 

Cross  section: 

Target: 

Tar get weight : 

Neutron flux: 

Irradiation time: 

Reactor yield: 

Processing yield: 

Radiochemical purity: 

"'Cd(npy) '"Cd Half-life: 1.3 yea r s  

0.2 barn4 Radiations : 

CdO, enriched to  70% Beta Gamma Other 

29 mg 

2 x  1014 

None 0.087 E C  

Process ing  facil i ty and shielding required: 
manipulator cell or hot hoods equipped with hot 
off-gas faci l i t ies ,  -3 in. lead equivalent 

' 08Cd 

neutrons c m - 2  sec-' 

1.5 years  

53 m c  

>95% 

lo9Cd >99% (exclusive 
of '' 5mCd) 
lsmCd <5% 

4Average  of e x p e r i m e n t a l  v a l u e s  o b t a i n e d  in t h e  ORR. 

1. Prepare equipment. 

2. Open irradiation can and transfer target 
material into a beaker placed under hot off-gas 
assembly. 

3. Cover target material wi th  a minimum amount of 
d is t i l l ed  H,O and add 16 M HNO, dropwise to 
dissolve target. 

4. Adiust volume to  50 ml of 1 M "0, and 

5. Sample and analyze for: 
Total sol ids 
Molari ty of HNO, ' O 9Cd con cent rat ion 
Radiochemical pur i ty  ' ' 5mCd concentration 

transfer t o  product bottle. 

Hot off-gas scrubber uni t  (Fig. 111-3). 
150-ml Pyrex beaker 
100-ml product bott le 

See opening procedure, p. 12. 

A l i t t l e  heat w i l l  increase rate o f  dissolution. 

Product solution should be clear and water-white. 

Refer to ORNL Master AnaZytica2 Manual (TID- 
7015), procedure No. 9 0732005. 



Production method: 14Cd(n,y)' ' 5mCd 

Cross section: 0.14 barn 

Target: 

Target weight: 

Neutron flux: 

Cadmium metal a s  
small  lumps 

100 mg 

2 x 1014 neutrons 
c m - '  sec-' 

Irradiation time: 21 weeks 

Reactor yield: 80 m c  

Processing yield: > 95% 

Radiochemical purity: > 90% 
__ 

1. Prepare equipment and process target for ' lSmCd. 
2. Sample and analyze for: 

Total  solids 
Molarity of HNO, ' "'"Cd concentration 
Radioc hem i ca I purity ' O'Cd concentration 

34 

CADMIUM-1 15m 

Half-life 43 days 

Radiations: 

Beta Gamma 

-0.3 (weak) 0.485 

0.7 (- 2%) 0.935 

1.61 (- 98%) 1.30 

Processing facility and shielding required: 
manipulator cel l  or hot hood equipped with hot 
off-gas facil i t ies,  - 3 in .  lead equivalent 

Equipment and procedures are identical to  those 

Refer to  ORNL Master Analytical Manual (TID- 
for ' 09Cd. 

7015), procedure No. 9 0733141. 
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CADMIUM-1 15 

Production method: l 1  4Cd(n,y)' 5Cd Half-life: 

Cross  sect ion:  1.1 barns Radiations:  

Target: Cadmium metal Beta  

Target weight: 100 mg 0.58 (42%) 

Neutron flux: 2 x 1 0 ' ~  neutrons 1.11 (58%) 

Irradiation time : 7 days  

cm-' sec-' 

Reactor yield: 65 mc 

Processing yield:  > 95% 

Radiochemical purity: > 98% (exclusive 
In of 1 15rn 

daughter) 

53.5 hr 

Gamma 

0.335" 

0.360 

0.500 

0.525 

*Gamma from 4.5-hr ' 15mIr1 daughter. 

Processing facil i ty and shielding required: 
manipulator cell or hot hoods equipped with hot 
off-gas faci l i t ies ,  -3 in. lead equivalent 

1. Prepare equipment and process target for 
15Cd. 

2. Sample and analyze for: 
Total sol ids  
Molarity of " 0 ,  
15Cd concentration 

Rad i oc hem i ca I purity 

Equipment and procedures are identical to  those 
for ' 09Cd. 

Refer to  O W L  Master Analytical Manual (TID- 
7015), procedure No. 9 0733142, 
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CALCIUM-45 

Production method: 

Cross sect ion:  

Target: 

Target w ei gh t : 

Neut.ron flux: 

Irradiation time: 

Reactor yield: 

Processing yield: 

Radiochemical purity: 

4 4 ~ a ( n , y ) 4  5 ~ a  Half-life: 165.1 days  

0.7 barn Radiations:  

CaCO, Beta Gamma 

6 g  0.254 None 

2 x i o L 4  neutrons P rocess ing  facil i ty and shielding required: 
cm-* .e,-1 manipulator cell, 2 in. lead equivalent 

4.5 years  

2 curies  

> 90% 

> 99% 

1. Prepare equipment. Hot off-gas scrubber uni t  (Fig. 111-3) 
600-ml separatory funnel 
150-ml Pyrex beaker 
500-ml evaporating d ish  
100-ml product bott le 

2. Open irradiat ion can and transfer contents to 
beaker containing “10 ml of d i s t i l l ed  H,O 

3. Add 12 M HCI dropwise to beaker to dissolve 
CaCO, sample. 

See opening procedure, p. 12. 

Avoid rapid acid addit ion t o  prevent effervescence 
and loss  of sample. 

4. 

5. 

5. 

7. 

8. 

9. 

10. 
1 1 .  

Evaporate to  near dryness under a hot off-gas 
scrubber assembly and redissolve i n  150 to  200 
rnl of H,O. 
Prepare thenoyltrifluoroacetone (TTA)-benzene 
solut ion for extraction of 46sc contaminant. 

Dissolve 111 g of TTA i n  1 l i te r  of benzene. 
Equil ibrate wi th 12 iM HCI i n  a separatory funnel. 

Shake we l l  for “ 5  min. Wash TTA-benzene 
solution w i th  an equal volume of d is t i l l ed  H,O. 

Scandium-46 i s  extracted into the organic phase. Transfer 45Ca solut ion to separatory funnel and 
add an equal volume of TTA-benzene solution. 
Shake for 3 min and al low aqueous and organic 
phases to separate. 

Separate aqueous phase and discard organic 
phase. 

Repeat extract ion un t i l  no 465c act iv i t y  i s  
extracted into organic phase. 

Evaporate H,0-45Ca solut ion to dryness and 
fume twice w i th  16 M HNO 3. 

Fume tw ice  w i th  12 M HCI. 
Dissolve in  50 ml of d i s t i l l ed  H,Q, f i l ter  
through a fine, sintered-glass f i l t e r  into 
product bott le. 

Th is  step removes traces o f  organic compounds. 

Treatment removes “0,; CoCI2 i s  formed. 
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12. Sample and analyze for: 
Total  solids 
Molarity of HCI 
Heavy metals 
4 5 ~ a  concentration 
Radiochemical purity 

Refer to ORNL Master Analytical Manual (TID- 
7015), procedure No. 9 0733142. 
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CALC IUM-47-SCANDIUM-47 

Production method: 4 6 ~ a ( n , y ) 4  7 ~ a  Ilalf-life: 47Ca  4.53 days  
47Sc 3.5 days  

Cross sect ion:  0.3 barn Radiations: 

Target: 

Target weight: 

Neutron flux: 

Irradiation time: 

Reactor yield: 

Process ing  yield 

CaCO, Isotope Beta  Gamma 

500 rng, enriched to 7 ~ a  0.70 (76%) 0.500 (5%) 

1.90 (24%) 0.812 (5%) 

1.29 (71%) 

0.46% 46Ca* 

cm-- '  sec-' 
- 2 x 10' neutrons 

7sc 0.46 (66%) 0.157 (66%) 
17 days 

-1.25 m c  

> 95% 

0.62 (34%) 

Process ing  facility and shielding required: 
manipulator ce l l ,  4 in. lead equivalent 

Radiochemical purity: 
47~ :a  >99% (exclusive of 4 5 ~ a )  
"Ca <IO% 
47Sc in  equilibrium 

~ ~~ 

*This material is actually -30% 46Ca which has  been 

diluted to  -0.5% with pure 40Ca. 
ratio is high. 

Hence the 46Ca/44Ca 

1. Prepare equipment. 

2. Open irradiat ion can and remove quartz ampule 
containing target material, 

3. Transfer target material into a 150-ml Pyrex 
beaker placed under hot off-gas scrubber 
assembly. 

4. D isso lve  target material using 12 M HCI. 
5. Adjust  volume to 50 m l  wi th  1 11.1 HCI and f i l te r  

into product bottle. 

6. Sample and analyze for: 
Total sol ids 
Molari ty of HCI 

7 ~ a  concentration 
Radiochemical puri ty 

' ~ a  concentration 

Hot off-gas scrubber uni t  (Fig. 111-3) 
150-ml Pyrex beaker 
100-ml product bott le 
F ine  fr i t ted-glass f i l te r  

See opening procedure, p. 12. 

Add HCI dropwise to  control effervescence. 

Sroken quartz ampule wi I1 remain in beaker. 

Refer t o  ORNL Master Analyt ical  Manual (TID- 
7015), procedure Nos. 9 0732005, 9 002302, 
9 0733002, and 9 0733151. 

Product solut ion should be clear and water-white. 
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CARBON-14 

Production method: l4N(n,p)I4C Half-life: 5.57 x lo3  years  

Cross sec t ion :  1.8 barns Radiations: 

Target: Beta 

Target weight: 160 g/irradiation 0.155 

Radiochemical purity: \ , 
c a n  

' 99% 
Process ing  facility and sh ie ld ing  required: 

manipulator ce l l ,  6 in. l ead  equivalent; for 
BaC03 ,  rniriimal. 

1. Prepare equipment. 

2. Declad Be,N, by melt ing aluminum irradiat ion 
can w i th  r f  heater. 

3. Place pel lets i n  bottom-opening shielded 
carries and transport to dissolver. 

4. To check 14C system for leaks (Fig. lll-9), 
apply 5 ps ig  w i th  nitrogen and valve off. 
Observe pressure for 3 to 4 hr. 

5. Add 15 l i ters of H,O to dissolver and place 
B e 3 N 2  pel lets inside. 

6. Repeaf system integri ty check. 

7. Heat water un t i l  condensate i s  observed re- 
turning t o  dissolver. 

8. Fill conversion furnace w i th  cupric oxide wire, 

9. Fi l l  absorption system w i th  2.4 M NaOH solu- 
t ion by adding solut ion through the bottom of 
each scrubber. 

F ixed equipment (Fig. 111-9). 
F i v e  minutes in  the r f  f i e ld  w i l l  melt the aluminum, 

al lowing Be N pel lets t o  fa l l  free. Th is  must 
be performed in a manipulator cel l .  3 . 2  

Caution: Since there i s  dcnger of gross contamina- 
tian, cover the carrier w i th  a plast ic bag. Care 
also should be taken to  prevent contamination 
wi th normal carbon. 

If there i s  no loss of  pressure, the system i s  
assumed tight. Nitrogen i s  vented into ce l l  
venti  lat icn system. 

A normal run consists o f  80 pellets, each weighing 
40 g or a total  of 3200 g of Be,N,. Remove 
cover from the addit ion chute. Posi t ion transfer 
carrier '4 in. above the chute using small ''A'' 
frame equipped with hydraul ic l i f t  and casters. 
Caution: Do not al low carrier to rest  on the 
chute. Allow pel lets t o  enter the dissolver hy 
s lowly opening the bottom of the carrier. Remove 
carrier and replace cover on the chute. 

Th is  step expels air and CO, dissolved in  the H,Q. 
A i r  i s  undesirable because i t  contains GO, and 
because it w i l l  form an explosive mixture wi th 
hydrogen evolved during dissolut ion of the pel- 
lets. Vent system to the hood during th is  phase. 

The furnace i s  condit ioned by heating to  800°C 
and passing 0, through i t  for 30 min. This re- 
moves carbon and ensures the complete oxidation 
of the copper. 

Caution: Basic solut ions [NoQH and Ba(OH),] 
Use Ascorite to  protect absorb CO, from air.  

these sol ut i  on s. 
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10. Purge dissolver system wi th  helium a t  “5 
cm3/min for 15 min. 

11. Valve dissolver gas through absorption system. 

12. Add concentrated H,SO, a t  a rate of - 5  m l /  
min to  dissolver and adjust heat to  prevent the 
reaction from becoming too vigorous. After 15 
min increase the rate of ac id  addition. 

13. Continue adding acid un t i l  4 ml of acid per 
gram of Be,N, has been added. 

14. Digest for 6 to  8 hr. 

15. Add “4 l i ters of 30% H,O, a t  a rate of “5 
ml/min t o  remove residual carbon from the 
system. 

16. Prepare product Bo’~CO,. 
(a )  Add saturated solut ion of Ba(OH), t o  pre- 

c i  pitate the carbonate. 
(b)  Fi l te r  and wash carbonate un t i l  pH paper 

indicates that no caustic i s  present. 
(c) Dry carbonate by  washing w i th  acetone and 

transfer to  product bottle. 

17. Sample and analyze for: 
Total  sol ids 
14c/12c rat io 
Radiochemica I purity 
Chemical pur i ty 

18. Shut system down. 

Remove any o i l  present i n  hel ium by passing the 
gas over CuO heated to  750°C then through NaOH 
solution before it enters dissolver. This should 
be done i n  separate system. Vent gas from the 
dissolver system t o  ce l l  venti lat ion. 

applying vacuum to scrubber exhaust. Purge for 
2 hr to remove oxygen completely. 

Hold dissolver pressure to  less than 0.5 psig by 

Watch the bubble rate o f  l iberated gas closely. If 
gas i s  liberated too fast, individual bubbles are 
not formed and acid f low should be decreased. 

Do not leave solut ion unattended during acid addi- 
tion. Adiust ref lux rate. Continue helium sweep. 

Note: The f i r s t  scrubber should be drained and re- 
f i l l ed  wi th NaOH solut ion once during a run. 
The second scrubber need not be changed. The 
NaOH is  drained into a polyethylene bott le which 
is  equipped with an Ascarite-protected vent. At 
the conclusion o f  the run, the scrubbers are 
r insed w i th  water which i s  also collected. 

Caution: Th is  operation must be done i n  the 
absence of CO,. 

Store in  sealed bottles and protect from atmos- 

Refer to  O R N L  Master Analytical hlanual (TID 
pheric CO, a t  a l l  times. 

7015), procedure Nos. 9 0733151, 9 07331, and 
9 07371. 

drain line, and add nitrogen (see Fig.  111-9) to 
force the solut ion into the ho t  waste line. The 
wash dissolver is washed with a small amount of 
H,O (forced into the hot waste line). Never 
al low the dissolver t o  cool before it i s  empty be- 
cause the contents w i l l  sol id i fy.  

Valve off the ex i t  gas l ine  from the dissolver, open 
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CESIUM-134 

Production method: 

Cross sect ion:  

Target:  

Target w e i  ght : 

Neutron flux: 

Irradiation time: 

Reactor yield:  

Process ing  yield:  

Radiochemical purity: 

cs (n ,y)1 4 cs 1 3 3  

32.6 barns 

CSCl 

100 mg 

2 x 1014 neutrons 
~ r n - ~  sec-’ 

5 years  

7 curies  

? 95% 

? 98% 

Half-life: 2.07 years  

Radiations: 

Beta  Gamma’ 

0.09 (25%) 0.561 

0.648 (75%) 0.794 

1.365 (weak) 

Process ing  facil i ty and shielding required: 
nanipulator cell or hot hood equipped with hot 
off-gas fac i l i t i es ,  4 in .  lead equivalent 

1. 

2. 

3. 

4. 

5 .  

6. 

7. 

a. 

9. 

Prepare equipment. 

Remove CsC1 target from irradiat ion can and 
place i n  beaker containing “10 m l  of d i s t i l l ed  

Add - 5  ml  of 16 M HNO,, evaporate t o  near 
dryness, and take up in  50 ml of d i s t i l l ed  H,O. 
Prepare anion exchange column containing 
-20 ml Dowex 2, conditioned w i th  6 M HCI and 
washed w i th  H,O unt i l  neutral. 

Pass solut ion obtained through the column. 
Wash 134Cs act iv i t y  from column wi th  25 ml of 
H 20. 
Evaporate column eff luent and washings to near 
dryness, add 10 ml  of 16 M HNO,, and evaporate 
solut ion t o  dryness under hot off-gas scrubber 
assembly. 

Take up in  10 ml of 12 M HCi and evaporate t o  
dryness. Repeat step. 

Take up i n  50 ml of 1 M HCI and transfer t o  
product bottle. 

Sample and analyze for: 

H,Q. 

Molari ty of HCI 
Heavy metals 
Total  sol ids ’ 3 4 ~ s  concentration 
Nonvolat i le matter 
Rad i oc hem ica I purity 

Hot off-gas scrubber uni t  (Fig. 111-3) 
20-ml ion exchange column (Fig. 111-4) 
100-ml product bott le 
Three 150-ml Pyrex beakers 

See opening procedure, p. 12. 

Treatment removes a port ion of 36CI as HCI and 
oxidizes 35S to su Ifate. 

Sulfur-35 remains on column; ’ 34Cs passes through 
column. 

Th is  step removes traces of 36CI and organic 
material introduced from the ion exchange resin. 

Ni t rate is converted to  chloride. 

Solution should be clear and water-white. 

Refer to ORNL Master Analytical Manual (TID- 
7015), procedure No. 9 0733193. 
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CHLORINE-36 

Production method: 

Cross sect ion:  

Target : 

Target weight 

Neutron flux: 

Irradiation time: 

Reactor yield: 

Processing yield:  

Radiochemical purity: 

35CI(n,y)3 Half-life: 3.08 x l o 5  years  

45 barns Radiations : 

KC 1 Beta Gamma 

117 g 0.714 None 

1 x 1013 neutrons Processing facil i ty and shielding required: 
sec- * manipulator ce l l ,  4 in.  lead;  hot hood 

9 months 

3.7 m e  

> 90% 

> 99% 

1. 

2. 
3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

Prepare equ ipmen t. 

Open irradiat ion can and remove sample. 

Transfer irradiated sample into beaker and d i s -  
solve i n  -200 rnl of  d i s t i l l ed  H,O, 

Dilute to 1 l i ter  w i th  d is t i l l ed  H,O before load- 
ing solut ion on ion exchange column. 

Prepare ion exchange column with Amberl i te 
IR-120 resin by washing column w i th  6 M HCI 
fol lowed by a water wash un t i l  column ef f luent 
i s  neutral. 

Transfer KCI-H,O solut ion in to  head f lask and 
adiust column f low rate to 

Wash column wi th  1 l i ter  of H,O. 
1 ml/min. 

Place eff luents from steps 6 and 7 into d i s t i l -  
la t ion equipment. 

Heat f lask. Discard d i s t i l l a te  un t i l  HCI 
appears ( in dist i l late).  

Af ter  ac id  appears i n  dist i l late,  continue d is -  
t i l l a t ion  un t i l  no more than 0.5 ml remains i n  
boi l ing f lask. 

Sample d is t i l l a te  for 36CI and analyze for: 
Total sol ids 
Molari ty of HCI 
Radiochemical pur i ty 
Heavy metals 
6~ I c once n tra t i on 

2- to 3- l i ter  d is t i l l a t ion  equipment (Fig. 111-2) 
Ion exchange column (Fig.  111-4) 
600-ml Pyrex beaker 

See opening procedure, p. 12. 
If 9Ar i s  to be recovered, the dissolut ion 

should be carried out i n  a closed system. See 
7Ar procedure. 

Column should contain -50% excess resin capac- 
i ty. 

Potassium ions remain on column; 36CI and 35S 

This step ensures complete removal of 36CI and 

pass through column as H,SO, and HCI. 

35s. 

Removal of HCI i s  determined by test ing wi th 
l i tmus paper. 

Removal of last  traces of HCI without loss of 
H,SO, i s  attempted i n  th i s  step. The f lask 
therefore should not be permitted to  become dry. 

Refer to  ORNL Master AnalyticaZ Manual (TID- 
701 S ) ,  procedure No. 9 0733201. 
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CH ROMl UM-5 1 

Production method: 5 0  ~ r ( n , y ) '  'CC Half-life: 27.8 days  

Cross  sect ion:  

Tar get: 

Target weight: 

Neutron flux: 

17 barns Radiations:  

Chromium metal Beta Gam ilia Others 

None 0.32 (-8%) EC enriched to 98% 
OCr 

15 mg 

2 x 10'" neutrons 

P rocess ing  facil i ty and shielding required: 
manipulator cell, 2 in. lead equivalent 

c m - 2  sec-' 

Irradiation time: 26 w e e k s  

Reactor yield: 11 curies  

Processing yield: > 95% 

Radiochemical purity: > 99% 

1. Prepare equipment. Hot off-gas scrubber uni t  (Fig. 111-3) 
150-1111 Pyrex beaker 
3-in. fine sintered-glass f i l te r  
100-ml product bott le 

2. Open irradiat ion can and transfer target material 
into a beaker placed under hot off-gas scrubber 
assembly. 

3. Dissolve target material i n  a minimum amount of 
12 M HCI. 

See opening procedure, p. 12. 

L o w  heat w i l l  increase rate o f  dissolution. 

4. Fi l ter .  F i l t e r  out any sol ids that do not dissolve. 
Use f ine sintered-glass f i l ter .  

Solution should be clear green. 5. Adiust  volume to 50 rnl of 1 M HCland  transfer 
to product bottle. 

6. Sample and analyze for: 
Total sol ids 
Molari ty of HCI 

'Cr Concentration 
Radiochern i ca I purity 

Refer to ORNL Master Analytical ManuaZ (TID- 
7015), procedure No. 9 073321 1. 
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CO BAL T-58 

Production method: 

Cross sect ion:  

Target: 

Target TU eight  : 

Neutron flux : 

Irradiation time: 

Reactor yield:  

Process ing  yield:  

Radiochemical purity: 

8Ni(n,p)5 'CO Half-l ife:  71.3 days  

0.092 barn Radiations : 

Nickel metal Beta Gamma Other 

l g  0.47 p' (15%) 0.81 (" 100%) EC (85%) 

2 x 1014 neutrons Process ing  facil i ty and shielding required: 
manipulator ce l l ,  '̂ 1 in.  lead equivalent cm- '  sec-' 

1 year  

400 m c  

> 80% 

5 8 c ~  >98% 
coco <5% 

1. Prepare equipment. 

2. Open irradiation c a n  and remove target f rom 
ampule. 

3. Wash crushed quartz capsule  and Ni8 from 
Tygon t u b e  into evaporation dish with 12 M 
HCI. 

4. Heat to d isso lve  NiO. Use hat off-gas scrubber 
assembly. 

5 .  Dissolve NiCI,4 H,Q crystals  in 12 M HCI. 

6. fvaporate  NiC!, solution t o  dryness  and fwrne 

7. Prepare a DQWCX 1 r e s i n  column for '*Co sep- 

with 12 M HCI. 

a ra ti on. 

8. Pass NiCI, solution through t h e  resin column; 
r inse column with 12 M HCI until green color 
is eluted, 

9. Elute ion exchange column with disti l led H,O. 

10. Collect  effluent in beaker and evapora$e to 
near dryness under hot off-gas sc rubbe r  a s -  
sembly. 

11.  F u m e  residue with 16 iM "0,.  

12. F u m e  with 12 M HCI. 

Hot off-gas scrubber unit (Fig.  111-3) 
Quartz evaporation dish 
Five 150-mI Pyrex beakers 
40-rnl ion exchange column (Fig. 111-4) 
100-ml product bottle 

See opening procedure, p. 12. 

Add additional HCI i f  necessary to dissolve 
sample. 

Use approximately 100 m l  of 12 M HC! per gram of 
nickel; hea t  i f  necessary to  produce clear solu- 
tion. 

Avoid converting chloride to oxide. 

Use 100-mesh resin,  conditioned wi th  12 M HCl. 
Resin volume should be -70 mi per gram of 
nickel in solution. 

Cobalt-58 remains on column. 

Check effluent for 58C0 activity to  determine ef- 
ficiency of removal from column. 

Organic compounds are destroyed. 

Nitric acid is removed. 
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13. Dissolve i n  50 ml of 1 It! HCI and transfer to 
product bottle. 

14. Sample and analyze for: 
Molarity of HCI 

8 ~ o  concentration 
Radiochemical purity 
Total  sol ids  

Refer to ORNL Master AnaZyticaZ Manual (TID-- 
7015), procedure No. 9 0733225. 
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CO BA LT-60 

Production method: 9 ~ ~ ( n , y ) 6  OCO Ha If -1 if e : 

Cross sect ion:  37 barns Radiat ions : 

Target:  Cobalt metal Beta  

Target weight: 180 mg 0.306 

Neutron flux: 2 x 1 0 ' ~  neutrons 

5.24 years 

Gamma 

1.17 

1.33 

p r o c e s s i n g  facil i ty and sh ie ld ing  required: cm-'  sec- 

Irradiation time: 1 year manipulator ce l l ,  5 in. lead equivalent 

Reactor yield:  2.5 curies  

Processing yield:  > 95% 

Radiochemical purity : > 99% 
....... ... __ ..... 

1. Prepare equipment. Hot  off-gas scrubber uni t  (Fig. 111-3) 
150-in1 Pyrex beaker 
100-ml product bott le 

2. Open irradiat ion can and transfer target material 
into beaker placed under hot off-gas scrubber 
assembly. 

3. Dissolve torget i n  minimum amount of 12 M HCI. 
4. Adjust volume to  50 ml of 1 M HCI and transfer 

to  product bottle. 

Molari ty of HCI 
Total  sol ids 
6 0 ~ o  concentration 
Radicic hemico I purity 

See opening procedure, p. 12. 

Heat increases rate o f  dissolut ion. 

Product should be clear green .  

5. Sample and analyze for: Refer to ORNL Master Analytical Manrial (TID- 
7015), procedure No. 9 0733221. 





Production method: 

Cross sect ion:  

Target: 

Target weight: 

Neutron flux: 

Irradiation time: 

Reactor yield:  

Processing yield:  

Radiochemical purity: 
.~ .___.-. 

1. Prepare equipment. 

6 3 ~ ~ ( n , y ) 6 4 C u  

4.5 barns 

Copper metal 

10 mg 

2 x 1 0 ' ~  neutrons 
cm- '  sec-' 

40 hr 

850 m c  

> 95% 

> 98% 

55 

COP? ER-64 

- 

2. Open irradiat ion can and transfer target material 
into a beaker placed under hot off-gas scrubber 
a s s em bl y . 

3. Dissolve copper in  -3.5 ml of 16 N "0,. 

4. Adiust volume to 50 ml of 1 M HNO, ond transfer 
to product bottle. 

5. Sample and analyze for: 
Molarity of HNO, 
Total  sol ids 

4~ u conc e n tra t i on 
Radiochemical puri ty 

Half-life: 12.82 hr 

Radiations: 

Beta Gamma Other 

0.571 p--. (39%) 1.34 (weak) EC (42%) 

0.657 p t  (19%) 

Process ing  facil i ty and sh ie ld ing  required: 
manipulator c e l l ,  -3 in. lead equivalent 

Hot off-gas scrubber unit (Fig. 111-3) 
150-ml Pyrex beaker 
100-ml product bott le 

See opening procedure, p. 12. 

Product solution should be clear blue. 

Refer to ORNL Master Analytical Manual (TID- 
7012), procedure No. 9 0733231. 
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EUROPIUM-152 AND -154 

Production method: 

Cross sect ion:  

Target: 

Target weight: 

Neutron f lux 1 

Irradiation time: 

Reactor yield:  

Processing yield: 

Radiochemical purity: 

1 5 1  Eu(n, y )  ' ' Eu Half-life: "'EU 12.7 years  
' 3Eu(n,y)' 4Eu 
' 'Eu 7000 barns 
l S 3 E u  320 barns 

E u P 3  Isotope Beta Gamma' 

100 mg 

1 x 10' neutrons with EC 

' 5 4 E ~  16 years  

"'Eu p 27%, EC 73% Radiations: 
5 4 E ~  (see below) 

0.68 (11%) 3.42 (21%) 1 5 Z E U  

c m - *  sec-l 1.00 (1%) 
1.46 (15%) 

6 months 
l 5 4 E U  0.15 (12%) 0.123 (35%) 

0.25 (28%) 0.725 (21%) 15*Eu 400 mc 

0.55 (30%) 0.998 (14%) 1 5 4 ~ ~  200 mc 

> 95% 0.83 (20%) 1.277 (42%) 
> 99% 1.60 (3%) - 1.6 

1.84 (7%) 

Process ing  facility and shielding required: 
manipulator ce l l ,  6 in. lead equivalent 

1. Prepare equipment. 

2. Open irradiat ion can, transfer target material 
into a beaker placed under a hot off-gas scrubber 
assembly. 

3. Dissolve target material i n  10 to 12 ml of 12 .tf 
HCl. 

4. Adjust  volume to 50 rnl of 1 M HCI and transfer 
to a product bottle. 

5. Sample and analyze for: 
Molari ty of HCI 
Total  so l ids  
" * ~ u  concentration 
1 5 4 E ~  concentration 
Radiochemical puri ty 

Hot off-gas scrubber uni t  (Fig. 111-3) 
150-ml Pyrex beaker 
100-ml product bott le 

See opening procedure, p .  12. 

Meat increases rate of dissolut ion. 

Product solution should be clear and water-white. 

Refer to QRNL Master Analytical Manual (TID- 
701 5),  procedure Nos. 9 0732005, 9 073 1000, 
9 002302, and 9 0733002. 
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FISSION PRODUCTS 

Production method : Fiss ion  

Target : U-AI alloy 

Neutron flux: 2 x 1 0 ’ ~  neutrons 
crn - 2 s e c -. 

Irradiation time: 4 weeks 

--- _ _ _ _ _ _  ~. ....... ~ 

1. Prepare equipment. 

2. TO 2541 uranyl nitrate solut ion from 1 3 1 1  

process, add 25 rnl of 30% tr ibuty l  phosphate 
(TBP). 

3. Extract uranyl n i t rate w i th  TBP solwtion by 
shaking for - 5  min.  all^ phases to sett le. 

4. Careful ly drain and discard bottom (organic) 
phase, Wash aqueous phose w i th  25 m l  of  CCII, 
and discard wash. 

5. Drain aqueous phose into evaporation f lask and 
evaporate t o  dryness. 

6. Fume twice w i th  25 m l  of concentrated MNO,. 

7. Fume tw ice  w i th  25 ml of concentrated HCl. 
8. Take up sol ids in 25 ml  of 1.0 it1 HCI. 
9. Sample and analyze for: 

Molari ty of HCI 
Total  ac t i v i t y  
To ta l  sol ids 
Heavy metals 

Half-life: Mixed 

Radiations: Many energies  

Processing facility and shielding required: 
manipulator cell, 8 in .  lead equivalent,  minimum 

Evaporation f lask 
500-ml separatory funnel 
Three 500-rnl Pyrex beakers 
Hot off-gas scrubber un i t  (Fig. 111-3) 
TBP (30 m l  of TBP di luted w i th  70 m l  of CCI,) i s  

equi l ibrated to adjust the HNO, to -6 M i n  
separatory funnel wi th manual agitation. See ’ 3 1 1  processing procedure. 

F iss ion  products remain i n  aqueous phose. 
Plutonium and uranium extract into organic phase. 

Wash to remove traces of TBP. 

Fume to  remove organic compounds. 

Th is  step ef fects  conversion to chlorides. 

Mixed f ission products arc i n  solution. 

Refer t o  ORNZ, Master AnaZyficaZ Manual (TID- 
7015), procedure Nos. 9 002301, 9 0733000, 
9 002302, 9 0733001, and 9 0733002. 
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GAL L IUM-72  

Production method: 

Cross sect ion:  

Target: 

Target weight: 

Neutrori flux: 

Irradiation t ime:  

Reactor yield:  

Process ing  yield:  

Kadiocheiriical purity: 

71 Ga(n,y)'/ *Ga Half-life: 14.1 hr 

5.0 barns 

Ga,G3 13eta Gamma' 

100 mg 0.6 (40%) 0.63 (24%) 

1 x 1 0 ' ~  neutrons 0.9 (32%) 0.84 (100%) 

Radiations: 

1 . 5  (11%) 2.21 (33%) 
cm- '  sec-' 

60 hr 

400 m c  

> 90% 

99% 

2.52 (8%) 2.51 (26%) 

3.15 (9%) 

Processing facil i ty and shielding required: 
manipulator ce l l  or  hot hood equipped with hot 
off-gas facil i ty,  2 in .  lead equivalent 

1.  Prepare equipment. 

2. Open irradiation can and transfer target mater ia l  
into beaker containing "10 ml of H , 8  placed 
under hot off-gas scrubber assembly. 

3. D isso lve  target material i n  hot 12 M HCI. 

4. Adiust volume to 50 ml of 1 M HCl. Transfer 
to product bottle. 

5. Sample and analyze for: 
Molarity of ti61 
Total  solids 
72Ga concentration 
Radiochemical purity 

Hot  off-gas scrubber unit  (Fig.  111-3) 
100-rnl product bottle 
150-ml Pyrex beaker 

See opening procedure, p. 12. 

An occasional drop of 30% H2Q2 increases the 
rate o f  dissolution of target. 

Product solution shou ld  be clear and water-white. 

Refer t o  ORNL Master Analytical Manrial (TID- 
7015), procedure No. 9 073331 1. 
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GOLD- 1 98 

Production method: 

Cross sect ion:  

Target: 

Target  weight: 

Neutron flux: 

Irradiation time: 

Au(n,y) "Au Half-life: 2.70 days  1 9 7  

99 barns Radiations: 

Beta  Gamma Gold metal 

50 rng 0.29 (1%) 0.411 (100%) 

0.7 1013 0.97 (99%) -0.68 (1%) 

'-1.09 (0.2%) 
neutrons 
ern-' sec-' 

Process ing  fac i l i ty  and sh ie ld ing  required: 
61  hr manipulator ce l l ,  4 in. lead equivalent 

Reactor yield: 2.9 curies  

Process ing  yield: ? 95% 

Radiochemical purity: 
"Au ? 98% (exclusive of 'Au) 

l g9Au  -5% 

1. Prepare equipment. Hot off-gas scruhber u n i t  (Fig. 111-3) 
150-ml Pyrex beaker 
100-ml product bottle 

2. Open irradiation can and transfer target material 
into beaker placed under hot off-gas scrubber 
assembly. 

3. Add 3.5 ml  of aqua regia. Heat  unt i l  target is 
dis so Ived. 

See opening procedure, p. 12. 

4. Di lute to 50 mi w i t h  dist i l led H,O and tsonsfer Product solution should be clear amber .  
to product bottle. 

5. Sample and analyze for: 
Molarity o f  HCI 
Total  solids 
198Au concentration 

99Au concentration 
Radiochemical purity 

Refe r  to  ORNL Master Analytical Manual (TID- 
7015), procedure No. 9 0733381. 
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GOLD- 199 

Production method: 

L3-- 
g8Pt(n,y)1 "Pt - '"Au 

31m 

Cross section: 4 barns 

Target: Plat inum metal 
(foil) 

Half-life: 3.14 days  

Target weight: 

Neutron flux: 

Irradiation time: 

Reactor yield:  

100 mg 

2 x 1014 neutrons 
cm- '  sec.." 

40 hr 

150 mc 

Process ing  yield: > 95% 

Radiochern ical  purity : 
"Au .98% (exclusive of Ig8Au)  

l q 8 A u  <S% 
_I ...... _ _ _ . _ _ ~ .  .__.__ .... ____ ...... __ - 

1. Prepare equipment. 

2. Open i rradiat ion can and transfer target t o  
beaker placed under hot off-gas scrubber as- 
sembly. 

3. Cover target material with aqua regia and bo i l  
un t i l  target i s  completely dissolved. Decant 
to  remove broken quartz ampule. 

4. Evaporate target solut ion to  one drop. 

5. Adiust  volume t o  -20 rnl of 6 iM HCI, transfer 
solut ion to beaker, and add 20 m l  of ethyl  
acetate. 

6. Agitate w i th  magnetic st irrer for 15 min. 

7. Transfer to separatory funnel. Separate 
aqueous and organic portions; save each. 

8. Repeat extract ion of aqueous fraction. 

9. Combine ethyl  acetate layers and transfer them 
t o  a clean agitat ion vessel. Add 20 ml of 6 M 
HCI and agitate for 15 min. 

Radiations:  

Beta G a m  a 

0.250 0.050 

0.297 0.159 

0.460 0.209 

Processing facil i ty and shielding required: 
manipulator cel l ,  - 3  in.  lead equivalent 

Hot off-gas scrubber un i t  (Fig. 111-3) 
Magnetic stirrer wi th three polyethylene-covered 

100-ml Pyrex beaker 
Six 150-ml Pyrex beakers 
Ring stand 
Three separatory funnel supports 
Two 125-ml separatory funnels 
100-mi product bott le 

See opening procedure, p. 12. 

st irr ing bars 

Th is  removes excess "0, .  

Gold-199 remains in  ethyl  acetate layer. 
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10. Transfer t o  clean separatory funnel and sepo- 
rate organic and aqueous fractions. 

11. Transfer ethyl  acetate layers t o  clean beaker, 
add 10 rn l  of d i s t i l l ed  H,O, and evoporote to 
0.1 mi. 

12. Cool beaker and fume with aqua regia, 

13. Evaporate to near dryness. 

14. Adiust  to 50 rnl  of 1 F/ i  ac id  and transfer t o  
product bottle. 

15. Sample and analyze for: 
Molar i ty of HCI 
Total  sol ids ' 99Au concentration ' "Au concentration 
Rodioc hemi cal  puri ty 

Use hot off-gas scrubber unit .  Evaporation will 
remove ethyl acetate and leave ' 99Au in H,O 
solution. 

Traces of ethyl acetate are removed. 

'This removes excess acid. 

Product solution should be water-white. 

Refer t o  ORNL Master Analytical Manrial (TID- 
7015), procedure No. 9 0733332. 
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HAFNIUM-1 81 

Production method: 

Cross sec t ion :  

Target: 

Target weight: 

Neutron flux: 

Irradiation time: 

Reactor yield:  

Process ing  yield:  

Radiochemical purity: 

180Hf(n,y)’ ‘lHf 

10 barns 

H f 0 2  

100 mg 

2 x neutrons 
cm.- ’  sec-l 

150 d a y s  

3 curies  

> 95% 

> 98% 

Half-life: 44.6 days  

Radiations: 

Beta  Gamma’ 

0.408 0.133 

0.344 

0.611 

Process ing  facil i ty and shielding required: 
manipulator ce l l ,  4 in. lead equivalent 

1. Prepare equipment. 

2. Open i r radiat ion can and transfer target to a 
porcelain boat. 

3. Add 20 times the target weight of KHSO, to  
sample in boot and fuse a t  400°C for “2 hr. 
A l low furnace to cool. 

4. Submerge boat i n  50 ml  of 3 iM HCI i n  a beaker. 
Heat on hot plate, ogitate wi th glass  st i r r ing 
rod un t i l  a l l  melt has been dissolved, and r inse 
boat with o few mi l l i l i te rs  o f  3 M HCI, 

Hot off-gas scrubber un i t  (Fig. 111-3) 
60-rnm f i l te r  funnel 
Four 150-ml Pyrex beakers 
Four Whatman NO. 40 f i l te r  papers 
Porcelain boat 
Tube furnace ossernbly (Fig. 111-10) 
100-rnl product bott le 

See opening procedure, p. 12. 

5. Add concentrated “,OH dropwise w i th  ogi ta-  
t ion un t i l  a l l  hafnium has been precipitated as 
H f(OH ), . 

6. F i l t e r  Hf(OH), on paper. Check f i l t ra te  for 
’* ’Hf act iv i ty.  Discard or reprocess os  i n -  
dicated by the concentration of ’ 8’Hf. 

7. Wash Hf(BH), several times w i th  50 rnl o f  hot  
d is t i l l ed  H,O. Discard f i l t rate. 

8. Dissolve wet  hafnium precipitate from the 
f i l ter  w i th  9 M HCI. 

9. Transfer dissolved precipitate to  beaker and 
evaporate to  “10 rnl under hot off-gas scrubber 
assembly. 

10. Adiust  volume t o  50 ml of 1 M HCI and transfer 

Solution should have a pH of 8 to 9. 

Hafnium-181 wi l l  remain on the f i l te r  paper. 

Washing precipitate a t  th is  point removes traces 
of KHSO, and “,OH. 

Evaporation reduces the acid concentration. 

Product solut ion should be clear and water-white. 
to product bott le. 
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11. Sample and analyze for: 
Molarity of HCI 
Total  solids 
"'Hf concentration ' "Hf concentration 
Radiochemical purity 

Refer to ORNL Master Analytical Manual (TID- 
7015), procedure No. 9 0733341. 

Fig. 111-10. Tube Furnace Assembly with Scrubber. 
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HY DROGEN-3 
(Purification and Loading) 

Production method: 6Li(n, u ) ~ H  Half-life: 12.46 years 

Cross sec t ion :  945 barns Radiations : 

Radiochemical purity: > 9% Beta Gamma 

0.01795 None 

Process ing  facility: hot hood, isolated 
from general laboratory area 

Source o f  Material 

Bulk quantities of 3H are normally received i n  10- 
l i ter cyl inders and require puri f icat ion to  remove 
traces of a i r  and water vapor. 

Pur i f icat ion and Loading 

1. 
2. 

3. 

4. 
5. 

6 .  

7. 

8. 

9 .  

10. 

11. 
12. 

Check f ixed process equipment (Fig. 111-11). 
Evacuate system t o  a pressure of < 1  ,Y to 
check for leaks. 

Isolate vacuum pump and introduce 3H from 
bulk tank into uranium trap. 

Close valve to bulk cylinder. 

Heat uranium trap t o  450 t o  500°C until sorp- 
t ion ceases. 

Cool trap and repeat steps 3 t o  5. 

With trap a t  room temperature, connect l -cm3 
sample ampule a t  load-out stat ion and evac- 
uate complete system. 

Isolate vacuum pump and heat trap un t i l  sys- 
tem i s  a t  3 mm pressure to co l lec t  sample for 
analysis. 

Calculate loading pressure for shipping cy l -  
i nder . 
Connect shipping container and sample am- 
pule. Valve of f  uranium trap and pump ship- 
ping cyl inder and load out system to  a pres- 
sure of tl p. 

Valve off vocuum system. 

Open valve to uranium trap and heat trap un t i l  
calculated pressure i n  cyl inder i s  obtained. 

I f  system holds th is  pressure for 5 min, it i s  con- 
sidered leak free. 

Th is  step activates the uranium trap. 

Pressure of system decreases and remains con- 
stant a t  completion of sorption. 

Mass assay of sample should indicate a 3H purity 
of >99%. 
steps 1 t o  8. 

I f  pur i ty i s  not a t  least 99%, repeat 

See step 11 of 85Kr procedure. 

See Section IV for descript ion of shipping con- 
tainer. Trap must be cool. 
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13. Close cylinder and sample ampule valve and This w i l l  resorb residual 3H in system to a pres- 
al low uranium trap to cool. 

14. Pump residual gas in  system to hot off-gas 
and close trap valve. 

15. Disconnect shipping cylinder and sample am- 
pule. 

16. Place protective cap on shipping container 
and probe protector cap for leakage. 

s u r e  of -100 p. 

Trap must be cool. 

Perform mass spectrometric analysis  of sample. 

Wait 4 h r  before leak test. 

RESISTANCE HEATER-  

NOTE: 
ENTIRE SYSTEM 
ENCLOSED 
IN SAFETY CASE 
EXCEPT SUPPLY TANK 
AND VALVE HANDLES 

UNCLASSIFIED 
ORNL-DWG 64-3302 

URANIUM TRAP 
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Production method: 
IT 3 

13~n(n,y)114%+ 1 1 %  
sod 

Half-life: 4mIn 50.0 days  
i141n 72 sec 

Radiations: 

Cross section: 8 barns Isotope Beta Gamma' Other 

Target  : Indium metal 1 14rnrn None 0.190 IT  

Target  weight: 100 rng 1141n 1.984 0- (97%) 0.552 EC (3%) 

Neutron flux: 2 x IO'4 neutrons -1 pt(-O.O1%) 0.722 

Irradiation time: 7 weeks 

Reactor yield: 

cm'^' see--' 1.30 

Process ing  faci l i ty  and shielding required: 
manipulator cel l ,  2 in .  lead equivalent 600 m c  (in equilibrium 

with 41n) 

Process ing  yield: > 90% 

... . ...... .- ___ 
Radiochemical purity: > 98% 
~. ........ __ _. ........... ........... 

1. Prepare equipment. Hot off-gas scrubber un i t  (Fig. 111-3) 
150-ml Pyrex beaker 
100-mI product bott le 

2. Open irradiat ion can and transfer target to 
beaker placed under hot off-gas scrubber a s -  
sembly. 

3. Add 5 to  10 m l  of 12 M HCI and heat to  dis-  
so  Ive target. 

See opening procedure, p. 12. 

Do not boi l  the solution. 

4. Di lute contents of beaker wi th  d i s t i l l ed  H,O t o  Solution should be clear and water-white. 
volume of 50 rn l  (-1 M HCI). Transfer to 
product bottle. 

5. Sample and analyze for: Refer t o  ORNL Master Analytical Manual (TID- 
Molarity of HCI ' ' 4m In concentration 
Rodischemical purity 
Total  sol ids 

7015), procedure No. 9 0733381. 
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IODINE-125 

Production method: 

E C  121Xc(n,y)125Xe 3 1 2 5 1  

i s h  

Cross  section: 74 barnss 

Target: Xenon gas 

Tar  get weight : 

Neutron flux: 2 x IO1 neutrons 

-3 g 

cm-' sec-' 

Irradiation time: 3 wceks  

Reactor yield: -2 curies  

Process ing  yield: > 95% 

Radiochemical purity: "'1, 99.9% (exclu- 
s i v e  of 1 2 6 ~ )  

' 6 ~ ,  < 1% (after 
2 to 3 month's 
decay) 

II__ 

'Owin3 to the high value of the resonance integral 

(-1300 barns), the effective cross sec t ion  for  '''1 pro- 

duction in the OKR is '"200 barns ins tead  of the  71 
barns u s u a l l y  s!ated i n  the literature. 

1. 

2 .  

3, 

4. 

5.  

6. 

Prepare equipment. 

Prepare irradiation can for opening by cooling 
to liquid-nitrogen temperature. P l a c e  irradia- 
tion can in Dewar f l ask  containing liquid n i -  
trogen to freeze iodine to inside of the  irradia- 
tion can wal ls  and to  reduce C Q ~  pressure. 

P lace  ean in vise  and open with a tubing 
cutter. Immediately place lid into a beaker of 
0,1 M NaOM solution. 

Fill open can with 0.1 M NaOH, 

Allow caust ic  solution to etch the  aluminum 
inner wal ls  of the irradiation can, dissolving 
the inside surface Inyer. 

Empty caust ic  from c a n s  and rinse C Q ~ S  with 
H,O. Combine the caus t ic  solut ions and H,O 
rinse into n single  f lask of appropriate s ize .  

Half-life: 57.4 days 

Radiations: 

Beta  Gamma X Kay 

None 0.0354 0.0274 

Process ing  facil i ty and shielding required: 
manipulator ce l l ,  3 in. lead equivalent 

Di sti I lotion equipment with reflux condenser 

1-liter Dewar flask 
Hot plate  or heating mantle 
Vise 
Tubing cutter 
200-ml product bottle 

Freezing time is -5 min. 

(Fig.  111-2) 

Solution should be sufficient to cover surface of 
l id.  Caution: li may be necessary to refreeze 
can  i f  frost  on outside of con shows s igns of 
melting during opening operation. 

Keep can a t  low temperature (surface frost present) 
until NaOH solution has  been added. 

Appraximately 1 h r  is required t o  complete th i s  d i s -  
solution. 

Caus t ic  solution contains  1 2 5 1  as Nol. Vo lume  of 

solution should not exceed -50% of flask c a -  
paci t y  
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7. Add 0.2 M KMnO, solut ion i n  excess CIS indi-  
cated by s l ight  purple color i n  the caustic so- 
lution. 

8. Make solut ion 1 M i n  H,SO, by adding 18 M 
#,SO, dropwise. Boi l  contents of f lask for 
% 10 min t o  oxidize Na l  t o  Na.10,. 

9. Discard any d is t i l l a te  that col lects i n  product 
receiver. Rinse receiver w i th  water. 

10. Add 4 ml of 6% #,SO, to  product receiver 

11. Add H,PO, dropwise t o  boi l ing flask unt i l  

flask, 

KMnO, color disappears and solut ion becomes 
water-whi te. 

12. Heat f lask un t i l  d is t i l l a te  appears i n  product 
receiver. 

13. Add H,O, dropwise to  bo i l ing  flask. 

14. Continue d is t i l l a t ion  and H,O, addit ion un t i l  
-, 150 rnl  col lects in product receiver. 

15, Transfer d is t i l l a te  to  a 200-ml product bott le 
and neutral ize to  pH 8 w i th  saturated NaHCaS, 
solution. 

16. Continue d is t i l l a t ion  into new H,SO, unt i l  a 
second 150 ml i s  col lected (see step 10). 
Neutral ize as i n  step 15 and analyze for 1 2 5 1 a  

17. Remove sample of solut ion from boi l ing f lask. 
Neutral ize and test to determine whether or 
not a l l  1 2 5 1  has been removed. 

18, Sample neutralized solut ion from step 15 and 
onalyze for: 

Total  sol ids ’ ,51 concentration ’ concentration 
Rad iochemica I purity 

PH 

Dropwise addit ion of 18 M H,SO, t o  caustic solu- 
t ion prevents excess heating and bo i l i ng  of solu- 
tion. 

Th is  reduces iodate to  elemental iodine. 

This oxidizes iodide to iodine, and the oxygen 
produced sparges elemental iodine from the bo i l -  
ing flask. 

Refer t o  ORNL hlmter  Analytical Manus1 (TID - 
7015), procedure Nos. 9 0731000, 9 002301, 
9 002302, 9 0733002, and 9 0732005. 
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IODINE-129 

Production method: F iss ion;  obtained as Half-life: 1.56 x lo’ years  
a by-product of fuel Radiations: 
element processing 

Beta  Gamma 

0.12 0.039 

Process ing  facility: hot hood 

Fiss ion  yield: 1% 

Radiochemical purity: > 99% 
75% total  iodine 

Source of Materia I 

Besl saddles, treated w i th  AgNO, and packed i n  
iodine scrubbers, are used to  co l lec t  iodine gener- 
ated during fuel element processing. A decay 
period of -4  years i s  required for decay of l 3 ’ I J  
1 3 0 1  1 2 6 1 ,  1 2 5 1 ~  and 1 3 3 1 .  

I 

Processing 

1. Prepare equipment. 

2. Wash saddles tw ice  w i th  hat H20. 

3. Cover saddles w i th  solut ion of 1 M NaQH and 
0.05 M Na,S. 

leach solut ion from saddles and r inse once 
w i th  H 2 0 .  

5. Combine leach and wash solutions, 

6. Examine 50 saddles for 1 2 9 1  by counting w i th  
thin-window GM counter. Discard saddles i f  
>99% of 1 2 9 1  has been removed. 

7. Vacuum f i l ter  leach solut ion through a s in-  
tered-g lass f i Iter. 

4. Digest for 48 hr a t  room temperature. Drain 

8. Make solut ion containing 1 2 9 1  0.5 M wi th  
H2S0,. 

9. B o i l  solut ion i n  batches in 5-liter, 3-neck 
boi l ing f lask w i th  d i s t i l l a te  condenser un t i l  
entire volume has been reduced to -2’4 l i ters. 

10. Transfer solut ion t o  d is t i l l a t ion  equipment (5- 
l i ter  boi l ing flask), Add 50 m l  of 1 M NoOH to 
d is t i l l a te  receiver. 

11. Add to  bo i l ing  flask 10 ml of 0.2 M NoHSO, 
solut ion per l i te r  of leach solution, plus 6 
drops of 3% ammonium molybdate per liter. 

Two 5- l i ter  and one 1-l i ter d is t i l l a t ion  systems 
(Fig. 111-2) 

55-gal stainless steel drum 
Sam pl e bott le 

Th is  removes excess AgNQ,. If quanti ty of 
saddles i s  large, use a 55-go1 stainless steel 
drum. 

Silver i s  converted to  A9,S and the  iodine to Nal. 

Th i 5 determines the effi c iericy of iodine remova I a 

This removes Ag2S. 

This reduces any iodate to  iodide. 



12. Heat un t i l  d is t i l l a te  forms i n  receiver. Elemental sulfur may appear as  a precipitate i n  the 
bo i l ing  f lask and i n  dist i l late.  

13. Add M 2 0 2  dropwise t o  boi l ing flask. The oxygen produced sparges elemental iodine 
from bo i l ing  flask. 

14. D i s t i l  w i th  H202 addit ions un t i l  solut ion in 
boi l ing f lask becomes clear. 

15. Sample solut ion in bo i l ing  f lask to determine 
completeness of iodine removal. 

16. Col lect  d is t i l l a te  fract ion of Ha l  in NaON so- 
lut ion and f i l te r  through 0 sintered-glass f i l ter  
to  remove elemental sulfur. 

17. Transfer the 1 2 9 1  solut ion to  a clean d i s t i l l a -  
t ion ( I - l i te r )  system, f i t ted w i th  a 100-mi d i s -  
t i l l a te  receiver containing 10 rnl of 6% H2S0,. 

18. Add 1 M KMnQ4 solut ion un t i l  solut ion i n  boi l -  
ing f lask has a s l ight  purple color. 

19. Adjust boi l ing f lask content t o  0.5 M H2S0, 
by adding 4.5 M H,SO,. 

20. Heat flask, d i s t i l  -10 rn l  of solut ion from 
boi l ing flask, and discard. 

Thir ty minutes to 1 hr i s  required for iodine re-  
mova I .  

This  removes volat i le components other than 
iodine from bo i l ing  f la sk .  

21. Add H,PQ, dropwise un t i l  solut ion i n  boi l ing 
f lask becomes water-white. 

22. Continue d is t i l l a t ion  w i th  the dropwise addi- 
t ion of 15% H 0 unt i l  solut ion i n  f lask be- 

2 ?  ing flask. comes water -w h I te . 
23. Col lect  d is t i l l a te  in a sample bott le and ad- 

just to pH 8-9 w i th  NaHCO,. 

This reduces iodate to iodide. 

This oxidizes iodide to  iodine, and the oxygen 
produced sparges elemental iodine from the bo i l -  

24. Sample and analyze for: 
Total  sol ids 
Total  iodine 
1 2 9 1  concentration 
Rad i oc h emi ca I pur it y 

Refer to ORNL Master Analytical Manual (TID- 
7015), procedure Nos. 9 073100, 9 002301, 
9 0733000, 9 002302, 9 0733001, and 9 0733002, 
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IODINE-130 

Production method: 1 2 9 1 ( ~ , ~ ) 1 3  01 Half-life: 

Cross sect ion:  31 barns Radiations: 

Target: Hementa l  l 2  91 Beta 

Target weight: 20 mg 0.59 (54%) 

Neutron flux: 2 x 1014 neutrons 1.02 (46%) 

Irradiation t ime:  61 hr 

Reactor yield:  250 m c  

cm-' sec-' 

Process ing  yield:  > 90% 

Radiochemical purity: > 99.9% 

12.5 hr  

G a m  a 

0.409 (30%) 

0.528 (100%) 

0.660 (90%) 

0.714 (80%) 
1.15 (40%) 

Process ing  facil i ty and shielding required: 
manipulator cell, 3 in. lead equivalent 

1.  Prepare equipment. 

2. Open irradiation can and remove quartz anpole. 
Add 8 to 10 ml of 0.01 M NaOH solution to 
Tygan tube and fol low procedure for breaking 
quartz ampule. 

3. Remove cork stoppers after target material has 
dissolved in  NaOH solution. 

4. Transfer 3 0 1  solution and broken ampule into a 
beaker. R i n s e  Tygan tube with two 10-ml  por- 
tions of disti l led H,O. 

5. ~ e c a n t  1301 solution from quartz ompule into 
product bottle, r i n s e  beaker with two 10-ml 
portions of dist i l led H,O, a n d  adjust  volume to  
58 m l  with disti l led H,O. 

6. Sample and analyze for: 
Total  sol ids  
Heavy metals 
Molarity of NaOH ' 3 0 1  concentration ' 2 9 ~  concentration 
Radioc hemica I purity 

150-m I Pyrex beaker 
100-rnl product bottle 

See opening procedure, p. 12. 

Target material, elemental l Z 9 l ,  is volati le at room 
temperature. Al low " 5  min for complete dissolu- 
tion. 

Product solution should be clear and water-white. 

Refer to ORNL Master Analytical Manual (TID- 
7015), procedure Nos. 9 0731000, 9 0732004, 
9 0732005, 9 8733000, 9 0733001, and 9 0733002. 
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IODINE-131 

Production method: 

F iss ion  yield: 

Target : 

Target weight: 

Neutron flux: 

Irradiation time: 

Reactor yield:  

Process ing  yield : 

Radiochemical purity: 

F iss ion  

2.9% 

U-A1 alloy 

5 g  

- 2  x 1014 
neutrons 
ern--' sec-I 

21 d a y s  

’v 200 curies  

50 to 75% 

Source of Material 

An AI-c lad fuel  cyl inder composed of 5 g of 93% 
235U alloyed w i th  31 g of aluminum (9 in. long by 
1.74 in. OD; weight, 109 g) i s  irradiated a t  a f lux  
of - 2  x 1Ol4 neutrons cm-’ sec- ‘  for 21 days to 
produce -200 curies of l 3 ’ I .  This procedure i s  
for the recovery of l 3 ’ I  from the irradiated fuel  
cylinder a t  the ORNL iodine faci l i ty .  The irra- 
diated fuel cyl inder i s  transferred from the O R R  to  
the iodine processing fac i l i t y  i n  a shielded trans- 
fer container. 

P r oc e s s i ng 

1. Prepare equipment. 

Half-life 8.05 days  

Radiations: 

Beta  Gamma’ 

0.250 (2.8%) 0.080 (2.2%) 

0.335 (9.3%) 0.364 (80%) 

0.608 (87.2%) 0.637 (9%) 

0.815 (0.7%) 0.722 (3%) 

Process ing  facil i ty and shielding required: 
cell with remote controls on process  vesse ls ,  
6-8 in. lead equivalent 

2. Charge scrubbers w i th  “10% NaOH and bubble 
cap column with “15% NaOH. 

3. Check scrubber caustic circulat ion pump and 
circulate caustic through off-gas scrubber. 

Introduce irradiated uranium cyl inder into dis-  
solver tan k. 

4. 

5. Introduce ch i l led  H,O (lO°C) to dissolver re- 
f lux condenser, catch-tank cool ing coil, catch- 
tank condenser, and bubble-cap column. 

6. Add caustic solut ion (250 g NaOH i n  1 l i te r  of 
H,O) to dissolver. 

Fixed process equipment (Fig.  111-12). 
The shielded ce l l  has remote controls on the 

process vessels. Hot off-gas l ines and ce l l  
venti lat ion are equipped w i th  caustic scrubbers, 
CWS fi l ters, and charcoal f i l ters.  
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7. Heot dissolver t o  ",105"C for 1 hs. 

8. Stop chi l led H,O f low to dissolver ref lux con- 

9. Add 8 M HNO, slowly to dissolver un t i l  iodine 
i s  liberated, as noted on ionizat ion chamber a t  
catch tank. 

10. Continue d is t i l l a t ion  un t i l  no addit ional iodine 
i s  d i s t i l l ed  into catch tank, as indicated by 
ionizat ion chamber at catch tank. 

11. Cool dissolver and ref lux condenser. 

12. Transfer condensate containing ' 3 1 ~  from 
catch tank to second d is t i l l a t ion  system. 

13. Charge d i s t i l l a te  receiver wi ih  200 rnl  of H,O 

14. Add 2.5 l i ters of -30% H,O, and 130 m l  of 

denser and introduce steam. 

containing 30 g of NaOH. 

70% HNB, t o  the s t i l l .  

15. With cool ing H,B on s t i l l  condenser, d i s t i l  
iodine into d is t i l l a te  receiver, 

16. Transfer iodine solut ion to evaporator and 
evaporate ta  1 l i ter. 

17. Transfer the evaporated solut ion to  gloss 
s t i l l  for f ina l  puri f icat ion. 

18. Prepare the d i s t i l l a te  receiver by adding 6 rnl 
of 6% H,SQ,. 

19. T o  the dist i l lat ion f lask, add saturated KMnO, 
solut ion unt i l  an excess i s  noted by pink color, 
and then add 140 ml of 21 it! H,So,. 

20. D i s t i l  "400 rnl and discard. 

21. Recharge d i s t i l l a te  receiver w i th  6 rnl of 6% 
H,SO,. Slowly add concentrated H,PO, to 
f lask un t i l  KMnO, color i s  cleared; then add 
30% H,O, dropwise during the dist i l lat ion.  

22. Neutral ize solut ion w i th  NaHCB, and adjust  to  
a pH of * 8 in  the d is t i l l a te  receiver. Transfer 
to product bottle. 

This dissolves the aluminum on cyl inder and ex- 

This prevents ref lux o f  iodine obtained in  next 

poses the uranium. 

step. 

N i t r i c  acid i s  added to neutral ize excess caustic 
and to ac id i fy  solut ion from which the elemental 
iodine i s  d i s t i l l ed  into catch tank. 

Addi t ion of H,Q, increases the rate of d is t i l l a t ion  
of iodine. Volume i s  maintained a t  2 l i te rs  as 
noted on l iquid-level gage. 

N i t r i c  acid neutralizes caustic and acidi f ies solu- 
t ion from which iodine i s  dist i l led; H,O, oxidizes 
iodide to iodine and provides sweep gas for re- 
moval of iodine, 

Note completion o f  ' 3 1  I removal by ion chamber 
readings a t  d is t i l l a te  receiver. 

Iodine remains in  the caustic solut ion in  evapora- 
tor. 

Add H,SO, slowly to prevent local heating. Iodide 
i s  oxidized to iodate. The KMnO, color should 
persist after the H,SO, addition. 

This removes traces of HNO,. 
Iodate i s  reduced to  elemental iodine and i s  d is -  

t i l l ed  into the H,SO, in the d i s t i l l a te  receiver. 
Co l lec t  approximately 100 m l  of d is t i l l a te .  

Th is  neutral izes exces5 H,SQ, and the H,SO, 
produced by oxidation of H,SO, The purpose of 
th is  i s  to provide a basic solut ion to protect 
against later accidental acidi f icat ion and release 
o f  1, by a i r  or radiat ion decomposition (of H,O) 
oxidation. Higher pH's shi f t  iodine equilibrium 
toward IO3- formation. 
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23. Sample and analyze for: 
l 3 ’ 1  concentration 
1 3 3 ~  concentration 
Heavy metals 
Iodidehodate ratio 
Total  reducing agents 
pH 
Rad ioch em i ca I pur i ty  

Refer t o  ORNL Master Analytical Manual (TID- 
7015), procedure Nos. 9 0733391, 9 0733392, 
9 0733393, and 9 0733394. 

UNCLASSIF IED 
O R h l  DWG 64-3303 

Fig.  111-12. Flow Diagram for l 3 l I  Purification. 
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I RID IUM- 192 

Production method: 

Cross sect ion:  

Target:  

Target weight: 

Neutron flux: 

Irradiation time : 

Reactor yield:  

Processing yield:  

Radiochemical purity: 

rr(n, y )  2 ~ r  Half-life: 74.2 days 

1000 barns Radiations: 

Other 

EC (3.5%; 

no p + 

Beta Gamma’ Iridium metal 

500 mg 0.100 (<0.5%) 0.136 

2 x 1014 neutrons 0.257 (7%) 0,468 

cm-’ sec-’ 0.537 (41%) 0.613 

0.673 (48%) 1.157 (weak) 

Processing facil i ty and shielding required: 
manipulator cell, 6 in. lead equivalent 

4 weeks 

200 curies  

50% 

> 98% 
(exclusive of 
941~) 

1. Prepare equipment. 

2. Open irradiat ion can and transfer ir idium into Q 

s ma I I porcelain bout. 

3. Cover i r id ium w i th  dry NaCl (“5 g) and place in 
hot zone of furnace tube. 

4. Heat to  >8OO0C and introduce dry chlorine into 
tube for - 8  hi. Cool furnace. 

5. Dissolve contents of boat i n  50 in! of H,O. 
6. F i l t e r  solut ion through glass f i l ter  and transfer 

to  product bottle. 

7. Sample and analyze for: 
Total sol ids 
Molari ty of HCI ’ 9 2 1 r  concentration 
Radiochemica I purity 

Tube furnace assembly (F ig .  Ill-10) 
F ine sintered-glass filter 
150-ml Pyrex beaker 
100-ml product bott le 
Porcelain boat 

See opening procedure, p. 12. 

This converts ir idium and NaCl to Na,lrCI,. 

Solution should be dark red. 

Approximately 50% of t h e  ir idium metal does not 

Refer to ORNL Master Analytical Manual (TID- 
react to fusion treatment. 

7015), procedure No. 9 0733401. 
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I R ID I UM- 1 94 

Production method: 

Cross section: 

Target: 

Target weight: 

Neutron flux: 

Irradiation time: 

Reactor yield: 

Processing yield:  

Radiochemical purity: 

93~r(n,y)1 9 4 ~ ~  

120 barns 

Iridium metal 

100 mg 

1 x neutrons 
cm-  ' sec -- 

60 hr 

1.2 curies  

"- SO% 

98% (exclusive of 
' "Ir daughter) 

Half-life: 19.0 hr 

Radiations : 

Beta Gamma 

0.430 ("- 8%) 0.293 

0.975 (9.7%) 0.643 

1.905 (15%) 1.180 

2.236 (66%) 2,048 (weak) 

Processing facil i ty and shielding required: 
manipulator cel l ,  6 in. lead equivalent 

1.  Prepare equipment and process for ' 9 4 1 r .  Equipment and procedure are identical to those for 

Only the surface of the ir idium fo i l  w i l l  be con- 
verted by the fusion and chlorine treatment. 

1921,. 

2.  Sample and analyze for: 
Molarity of HCI ' 9 4 ~ ,  concentration 
Total solids 
Radiochemical purity 

Refer to ORNL Master Analytical Msr~ual (TID- 
7015), procedure No. 9 0733402. 
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IRON-55 AND -59 

Production method: 

Cross sect ion:  

Tar get : 

Target weight: 

Neutron flux: 

Irradiation time: 

Reactor yield:  

- 

1.  

2. 

3. 

4.  

5. 

6 .  

7. 

a. 

9 .  

10. 

Process ing  yield:  

Radiochemical purity: 
-. 

Fe(21,y)~ 5Fe Half-life: 'Fe 2.94 y e a r s  5 4  

5 8 F e ( n , y ) 5  9Fe "Fe 44.3 days  

55Fe 2.5 barns Radiations: 
59Fe 1.0 barns 

Isotope Beta Gamma Other Fez% 
300 111g 5'Fe None None EC (emits charac- 

2 x 10' neutrons 
cm-'sec- '  

7 weeks  

55Fe 250 mc 
59Fe 55 rnc 

> 95% 

> 99% 

ter is t ic  Mn x ray 
of 5.9 kev) 

59Fe 0.271 (46%) 0.191 None 

0.462 (54%) 1.098 

1.560 (0.3%) 1.289 

Process ing  facil i ty and shielding required: 
manipulator ce l l ,  3 in.  lead equivalent 

Prepare equipment. Mo t  off-gas scrubber un i t  (F ig .  111-3) 
50-rnl separatory funnel 
158-ml Pyrex beaker 
Stirrer, e lectr ic or a i r  
150-ml Vycor beaker 
100-rnl product bott le 
Agitator vessel 

Open irradiat ion con and transfer target 
material in to  150-rnl Pyrex beaker p la ted  under 
hat off-gas assembly. 

Dissolve target in minimum amount of 12 M 
HCI and adiust  ac id  concentration to  - 9  Iw 
HCI. 
Add a few drops of 16 M WNO,. 

See opening procedure, p. 12. 

This  i s  to assure that all  of the iron is i n  Fe3' 
state. 

Transfer WCI solut ion to agitator vessel and 
add equal amount of dichlorodiethyl ether 
which has been equil ibrated w i th  9 M HCI. 
Agitate for 15 rnin and transfer to separatory 
funnel. A l low - 5  rnin for layers t o  separate. 

Separate ether and HCI layers. 

Transfer HCI layer to  agitator vessel and add 

Hydrochloric acid layer w i l l  be on top and ether on 

A second extraction is necessary to  remove all 

bottom. 

equal amount of dichlorodiethyl ether. 5 5 , 5 9 F e .  

Agitate for 15 min and transfer to  separatory 
funnel. A l low 5 m in  for layers to separate. 

Transfer ether layers to agitatar vessel and 
add 50 ml of d i s t i l l ed  H,O. 

Iron w i l l  extract into H,O. 
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11. Agitate for 15 rnin and transfer to  separatory 
funnel. Al low 5 min for layers to separate. 

12. Check ether layer for act iv i ty.  I f  present, 
make second H 2 0  extraction. 

13. Separate layers. Transfer H 2 0  layer t o  clean 
150-nl Vycor beaker and discard ether layer. 

14. Evaporate solut ion i n  Vycor beaker to near dry- 
ness under hot off-gas assembly. 

15. Fume with 16 M HNO,. 
16. 
17. Adjust  volume to  50 m l  of 1 M HCI and transfer 

This destroys organic compounds. 

This removes ni t r ic  acid. 

Product should be clear and yel low. 

Fume twice w i t h  12 M HCI. 

to  product bottle. 

18. Sample and analyze for: 
Molari ty of HCI 
Total  sol ids 
Radiochemical puri ty 

5Fe concentration 
59Fe concentration 

Refer to ORNL Master Analytical Manual (TID- 
7015), procedure Nos. 9 073341 1 and 9 0733222. 
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IRON-55 

Fe(n,yI5 5 ~ e  Half-life: 2.94 years  Production method: 5 4  

Cross sect ion:  

Target : 

Target weight: 

Neutron flux: 

Irradiation time: 

2.5 barns Radiations: 

b'e203, enriched to Beta Gamma Other 

10 m g  charac- 

2 x 1 0 ' ~  neutrons ter is t ic  

None None EC (emits 
-50% ""Fe 

cm- '  sec-' Mti x ray 
of 5.9 
kev) 

30 m i n  

Reactor yield:  165 mc 

Process ing  yield:  > 95% 

Radiochemical purity: 
"Fe > 99% (exclusive of 'Fej 
"Fe <5% 

Process ing  facil i ty and shielding required: 
manipulator cell, ,-- 2 in .  lead equivalent 

1. 

2 .  

3. 

4. 

5. 

6 .  

7. 

a. 

9. 

Prepare equipment, 

Open irradiat ion can and transfer contents to  
1 50-rn I Pyrex bea ker . 
Add 10 t o  20 rnl of 12 M HCl and heat solution 
on hot plate under hot off-gas scrubber as-  
sembly. Adiust  solut ion to -100 ml of 9 M 
HCi solut ion to prepare for extract ion of 
54Mn. 

Equil ibrate 500 mil of dichlorodiethyl ether w i th  
9 M HCI by shaking i n  a 1-l i ter separatory fun- 
nel for 10 min. Separate the HCI wash and hold 
the ether for extract ion of 55Fe  solution. 

Transfer 9 M HCl containing 55Fe into 250-rnl 
separatory funnel and add an equal volume of 
HCI-washed dichlorodiethyl ether. Agitate for 
10 n i n  and separate the two phases. 

Repeat the extraction twice. 

Co l lec t  ether fract ions and extract w i th  50 m l  
of d is t i l l ed  H,O. 

Repeat water wash with 10-min agitat ion 
periods un t i l  a l l  55Fe i s  removed from organic 
phase. 

Co l lec t  water wash in a 50-ml Vycor beaker and 
evaporate to dryness under hot off-gas assem- 
bly. 

100-rnl product bott le 
58-niI Vycor beaker 
1-l i ter separatory funnel 
150-mi Pyrex beaker 
250-rnl separatory funnel 
Hot  off-gas scrubber uni t  (Fig.  111-3) 
See opening procedure, p, 12. 

Iron-55 i s  extracted into organic phase. 

Th is  step removes a l l  5 5 F e  from aqueous solution. 

Iron-55 is  extracted into aqueous phase. 

Three extractions are wsuolly suff icient. 
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10. Fume with 16 iW "0,. 
11. Fume twice with 12 M HCI. 
12. Dissolve residue in 50 r n l  of 1 M HCI and 

This removes the organic compounds. 

This removes "0, .  

Product should be clear and yel low.  

Refer to ORNL Master Analytical Manual (TID- 
transfer to product bottle. 

13. Sample and analyze for: 
Molarity of HCI 
Total  solids 
Radiochemical purity 
55Fe concentration 
59Fe concentration 
6 0 ~ o  concentration 

7015), procedure No. 9 073341 1. 



87 

I R O W 9  

Product ion met hod : *Fe(n,y)”Fe Half-life: 44.3 days 

Cross sect ion:  

‘Target: 

Tar  get weight : 

Neutron f lux:  

Irradiation t i m e :  

Reactor yield: 

1.0 barn Radiations: 

Fe 0 , enriched to B e t a  Gamma 
2 3  

r‘ 60% ‘Fe 0.271 (46%) 0.191 

15 mg 0.462 (54%) 1.098 

1.289 2 x 1014 neutrons 1.560 (o.3%) 

Process ing  facility and shielding required: 
manipulator cell, - 2  in. lead equivalent 

an-‘ sec-’ 

4 months 

-300 m c  

Process ing  yield: > 95% 

Radiochemical purity: 
”Fe >99% (exclusive of ”Fe) 
55Fe <lo”/, 

. . . .__ 
~ ......... ~ ~ ~~~ ~ ....... . 

~ II__.._ ___...I_ ............ 

1. Prepare equipment and process for 59Fe. E q u i p m e n t ,  procedure, and analysis a r e  i d e n t i c a l  
t o  t h a t  for 55Fe. 
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Production method: F iss ion  

F iss ion  yield:  0.3% 

Half-life: 10.27 years 

Radiation: 

Radiochemical purity: > 99%; contains  H e  ta Gamma 

t race  quant i t ies  0.15 (0.65%) 0.54 (0.65%) 
of atmospheric 
and rare gases 0.695 (99'%) 

Process ing  facil i ty and shielding required: 
fixed process  equipmerit, 4 to  6 in. lead 
equivalent.  

.._I__.... ____ _.. . .. . . - . _. .. ..... ... 

Source of Material 

The unprocessed fission-produced "Kr i s  obtained 
by sorbing the gases involved from fue l  dissolut ion. 
~ h i 5  gas i s  received a t  ORNL i n  1.5 f t3 gas cy l -  
inders a t  a pressure of 500 psi .  Cylinders con- 
tain 1 t o  18% krypton of which "5% i s  85Kr. The 
fol lowing procedure applies only to  the exist ing 
equipment a t  ORNL; however, the basic points 
would apply to any system. 

1. 

2. 

3. 

4. 

5. 

Processing 

Check f ixed process equipment ( F i g .  111-13) by 
evacuating the system t o  a pressure of 50 LL. 

Valve of f  pump for 10 min. Heat columns to  
300°C and purge w i th  hel ium for 30 min. 

Cool charcoal to  a temperature of -50 to 
"8Q"Cwith l iqu id  nitrogen. 

Meat the carbon w i th  a resistance heater to  
1 ooooc. 
Valve gas through pressure-reducing valve to 
system (i.e., ion chamber, carbon reactor, and 
column) by sett ing pressure-control valve a t  
in le t  of charcoal column a t  98 cm Hg and a t  
out let  a t  76 cm Hg. Adjust  f low t o  -0.2 cfm 
by adjust ing the throt t l ing valve. 

Immerse carbon trap i n  l iqu id  nitrogen. Valve 
the gas stream through 5 section of the column 
Pass hel ium through the system a t  a rate o f  
-0.2 cfm. Discard a l l  gases un t i l  85Kr ac- 
t i v i t y  appears. Then route the gas through the 
cooled carbon trap. 

Pressure should remain a t  50 p. 

This temperature must be maintained throughout 
the processing. The charcoal columns must not 
be cooled below -172°C since xenon i s  present. 

and GO. 
This  converts oxides o f  nitrogen and CO, to N, 

Since the gas cyl inders are received under pressure, 
i t i s  necessary to  reduce this pressure t o  <15 
p s i g ~  The radiat ion readings on ion chambers 
should be noted during the pressure reduction. 
In i t ia l ly ,  there should be no reading above back- 
ground on the out let  ion chamber. When a reading 
i s  obtained, the gas flow should be stopped im- 
mediately. 

If the thermal conductivi ty analyzer indicates a 
r ise after the krypton peak hos been reached, 
the col lect ion should be stopped t o  prevent con- 
tamination w i th  xenon. The remaining 85Kr can 
be col lected i n  il later run. 
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6. Evacuate the  system t o  ‘“100 p. Heat the 
carbon trap to  -400°C to transfer 85Kr to  the 
krypton trap. 

7. Heat the krypton trap to  4OOOC and al low gos 
to expand into temporary storage tank. Obtain 
a 1-ml sample and submit for analysis. Trans- 
fer gas to permanent storage or shipping c y l -  
inder v ia the krypton trap. 

8. Remove 85Kr from permanent storage by cool- 
ing an in - l ine  trap to  -80°C wi th  l iquid n i -  
trogen. Al low the trap to  warm suff ic ient ly for 
the gas t o  pass through a heated metal tube 
f i l l ed  wi th calcium metal. 

9. Analyze the gas by mass spectrometry to  de- 
termine the percent of *5Kr and of contami- 
nants. Retain the sample for dispensing. 

10. Evacuate the shipping container to  a pressure 
of <10 IL. Valve off pump far “5 min to  check 
far leaks. 

11. Calculate loading pressure. 

12. Transfer 85Kr from storage to small  loading 
trap by cool ing trap to  -8OOC. After adequate 
gas ha5 been transferred to  the trap, al low trop 
to warm to such an extent that the predetermined 
pressure i s  obtained i n  the shipping cylinder. 

13. Record *he observed pressure on the mercury 
manometer and close valve on the shipping 
container. Then remove excess krypton from 
the system by cool ing the krypton with l iquid 
nitrogen. 

The carbon trap should not be al lowed to  warm 
unt i l  the helium gas in  the system has been 
pumped to the hot off-gas. 

Steps 8 to 15 are applicable only i f  gas i s  placed 
i n  permanent storage. The calcium trap i s  
heated to c\r 1000°C with an rf  heater. After 
passing over the calcium trap, the 85Kr i s  co l -  
lected in  a small  krypton cold trap and then 
placed i n  temporary storage. 

Proceed i f  the pressure has not increased to > 10 1. 

mc to be dispensed 273OC 76 cm 
x .-- x _I_-- 

mc,/cm3 (STP) room temp. v o ~  of c y ~ .  

= (loading pressure) cm 

See Section IV for descript ion of shipping con- 
ta i  ners. 

14. Disconnect cyl inder from system and seal the 
valve. 

Place ’4-i”. adapter and opening instruct ions in- 
side of valve cover for the customer. 

15. After 4 hr or more, remove plug i n  valve cover, 
insert evacuated sampling chamber, and re- 
move sample for counting w i th  thin-window GM 
counter. ef f ic iency i s  -2%. 

This  determines valve 
<50,000 counts/min, 
Volume of sample i s  

eakage. If sample counts 
t i s  approved for shipment. 
70 cm3, and the counting 
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UNCLASSI FIE0 
ORNL- DWG 64-3313 

CHARCOAL COLUMNS 

ION fl li 

RAW 

Xe 
COLD TRAP 

- 

CAR30N 
COLD TRAP 

TEhAPORARY 
STOZAGE 

t GAS 

TO Xe 5TORAi;E 

..+.....-, TO PERMANENT 
Kr  STORAGE 

TO 
PUMP 

Fig. 111-13. F l o w  Diagram for 85Kr Purification. 
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LANTHANUM-1 40 

Production method: 

Cross section: 

Target: 

Target weight : 

Neutron flux: 

Irradiation time: 

Reactor yield: 

Processing yield: 

Radiochemical purity: 

1 3 9  ~ a ( n , y ) '  'La 

8.9 barns 

La203 

100 mg 

1 x 10' neutrons 
c m - 2  sec...' 

GO hr  

600 mc 

> 95% 

> 98% 

1. 

2. 

3. 

4. 

5. 

Prepare equipment. 

Open irradiat ion can 'and transfer target material 
into a beaker under hot off-gas assembly. 

Add a minimum amount of 12 M HGI and heat 
the solut ion t o  dissolve the target. 

Adjust  volume to 50 rnl of 1 M HCI and transfer 
to  product bottle. 

Sample and analyze for: 
Molarity of HCI 
Total sol ids ' 4 0 ~ a  concentration 
Radiochemical puri ty 

Half-life: 40.3 hr 

Radiations:  

Beta G a m m a '  

1.32 (-70%) 0.093 

1.67 (-20%) 0.815 

2.26 (- 10%) 2.50 

3.0 (weak) 

Process ing  facility and sh ie ld ing  r e q u i r e d :  
manipulator cell, - 4  in. lead equivalent 

Hot off-gas scrubber uni t  (Fig. 111-3) 
150-ml Pyrex beaker 
100-ml product bottle 

See opening procedure, p. 12. 

Use a minimum amount of heat. 

Product solut ion should be clear and water-white. 

Refer to ORNL Master Analytical Manzml (TID- 
7015), procedure No. 9 0733491. 
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Production method: 
1 9 7 m  

2Hg 24 hr 
I g 7 H g  65 hr  

Ha If-li fc : 

Radiations: 1 9 7 m  I T >  I T-t 
1 9 6  €-Ig(n,y) 2Hg--+ 19 7"Ijg 1__-------- > 9 7 1 . 1 ~  

Other Gamma 7 x 1 0 - ~ ~  Isotope Beta  24h 

Cross sec t ion :  

Target: 

'rar ge t w ei g ht 

Neutron flux: 

1 9 7 m  

Hg 'IIg, 400 tarns  1 9 7 m 2  

97Hg, 900 barns 

HgO 

1 g  

1 x 1 0 ' ~  neutrons 
c m - '  s e c ~ '  7Hg 

None 

None 

0.133 (97%) 

0.164 (97%) 

0.191 (3%) 

0.275 (3%) 

0.077 

EC (3%) 

IT  (97%) 

EC 

0.191 Irradiation t ime:  3 days  

Reactor yield: 1.6 cu r i e s  Process ing  facility and shielding required: 
manipulator ce l l ,  3 in. lead equivalent 

Processing y ie ld :  80% 

Radiochemical purity > 98% (exclusive 
of 1 9 7 m  

ter, 203Hg, and 
1 9 7 m  

Au daugh- 

%) 

1. 

2. 

3. 

4. 

5. 

Prepare equipment. 

Open irradiat ion can and transfer targe material 
into beaker under hot Qff-gCIS scrubber assembly. 

Add a minimum amount of 16 M HNO, and heat 
the solut ion un t i l  target i s  dissolved. 

Adjust  volume to 50 rnl wi th  d i s t i l l ed  H,O and 
transfer to product bottle. 

Sample and analyze for: 
Molari ty of " 6 ,  
Total  sol ids ' 97H9 concentration 
Radiochemical puri ty 

Hot off-gas scrubber un i t  (Fig. 111-3) 
150-ml Pyrex beaker 
100-ml product bott le 

See opening procedure, p. 12. 

Overheating may resul t  in a loss of mercury, 

Product solution should be clear and water-white. 
N i t r i c  acid Concentration should be -- 1 M since 
hydrolysis might occur a t  lower values. 

Refer t o  ORNI, Master Analytical ManuaZ (TID- 
7015), procedure Nos. 9 0732005, 9 0731000, 
9 0732009, 9 0733000, 9 073301, and 9 073302. 

> 
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MERCURY -203 

Prodiiction method: 

Cross sect ion:  

Tar  get : 

Tar get w e  igh t : 

Neutron flux: 

Irradiation time: 

Reactor yield: 

Processing yield: 

Radiochemical purity: 
I__ ...... _ _ _ . . ~ - - -  

202Hg(n,y)203Hg 

3.0 barns 

HgO 

10 g 

2 x 1 0 ' ~  neutrons 
an- '  sec-' 

5 months 

100 curies  

> 80% 

> 98% 

Half-life: 45.4 days  

Radiations: 

Beta Gamma 

0.208 0.279 

Processing facil i ty and shielding required: 
manipulator ce l l ,  3 in.  lead equivalent 

1. Prepare equipment. 

2. Open irradiat ion can and transfer target material 
into beaker under a hot off-gas scrubber a s -  
sembly. 

sary to dissolve the target. 
3. Add the minimum amount of 16 M HNO, neces- 

4, Adjust volume to 50 ml of 5 t o  6 iM "(4, and 
transfer to  product bottle. 

5. Remove 204T I  contaminant i f  present. 

a. Evaporate '03H9 solut ion to near dryness 
under hot off-gas scrubber assembly. 

h. Adjust  volume t o  100 ml of d is t i l l ed  H,O. 
c. Add hydrazine hydrate dropwise un t i l  pH of 

"10 i s  attained. 

d. Al low * 1 hr for f inely divided elemental 
mercury t o  deposit on bottom o f  beaker. 

e. Decant solution from elemental mercury and 
wash twice w i th  50-ml portions o f  d is t i l l ed  

f .  Evaporate unt i l  mercury forms a single drop, 
but do not al low beaker t o  become dry. 

g. Transfer elemental mercury t o  a clean beaker 
and dissolve i n  50 ml  of 5 to  6 M HNO, under 
hot off-gas scrubber assembly, 

product solut ion t o  product bott le. 

H ,O' 

h. Adiust  acidi ty of HNO, to 1 iW. Transfer 

6.  Resample for determining 204TI  concentration. 

7. Sample and analyze for: 
Molari ty of HNO, 
Total  sol ids 

03tig concentration 
Radiochemical puri ty 

Hot  off-gas scrubber uni t  (Fig.  111-3) 
100-ml product bott le 
Three 150-ml Pyrex beakers 

See opening procedure, p. 12. 

Low heat w i l l  increase rate of dissolution. 

Solution should be clear and water-white. 

Concentration of 20dTI  i s  determined by radio- 

Th is  removes MNO,. Overheating may result i n  

L o w  heat w i l l  fac i l i ta te  dissolut ion of Hg(NO,),. 
Avoid v io lent reaction between HNO, and hydra- 

zine by  st irr ing constantly and adding hydrazine 
very slowly. Th is  step reduces mercury to  the 
element. 

chemical analysis. 

loss  of mercury. 

Allow suff icient time for f inely divided mercury to  
deposit on bottom of beaker after each H,O wash. 

Overheating w i l l  result i n  loss  of mercury. 

Product solut ion should be clear and water-white. 

Refer to  ORNL Master Analytical Manual (TID- 
7015), procedure No. 9 0733491. 
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MO C Y BDE NUM-99 

Production method: 

Cross sect ion:  

Target : 

Target weight: 

Neutron flux: 

Irradiation time : 

Reactor yield: 

Process ing  yield: 

Radiochemical purity: 

8 ~ ~ ( n , y ) 9  g~~ 

0.51 barn 

MOO 

1 g  

1 x 1013 neutrons 
c m - - 2  sec-* 

60 hr 

150 m c  

> 95% 

> 98% (exclusive 
of 9 9 m T ~  daughter) 

Half-life: 67.0 hr 

Radiations: 

Beta Gamma' 

0.08 (weak) 0.041 

0.45 (20%) 0.181 

1.23 (80%) 0.780 

Process ing  facility and sh ie ld ing  required: 
manipulator ce l l ,  2 in .  lead equivalent 

1. Prepare equipment. 

2. Open irradiation can and transfer turget material  
to beaker under hot off-gas scrubber assembly. 

3 .  Cover target rnoterial w i th  10 M NH,QH and heat 
to 50 to 60°C to dissolve target. 

4. Take  up in 50 rn l  of 1 M NH,OH and transfer to 
product bottle. 

5. Sample and analyze for: 
Molarity of ",OH 
Total  solids 
9 9 ~ o  concentration 
Radiochemical purity 

Hot off-gas scrubber un i t  (Fig.  111-3) 
150-rnl Pyrex beaker 
100-ml product bott le 

See opening procedure, p. 12. 

Do not boil. 

Product solut ion should be clear and water-wh ite 

Refer to OKNL Master Analytical Manual (TID- 
7015), procedure No. 9 0733501. 





Production method : Fission 

1 4 7 N , - - - - - . - 4  P-, 
, 1 4 7 P m  

Fiss ion  yield:  2.6% 

Radiochemical purity: 

11.06d 

14’Nd >98% 
7 ~ m  Time-dependent 

99 

NEODYMIUM- 147- PROMETH IUM-147 

Source of Material 

The start ing material for t h i s  procedure i s  long- 
irradiated uranium which has decayed about a year 
before processing. Long periods of irradiat ion 
provide maximum y ie ld  of promethiurn, and the long 
decay reduces 1 4 8 P m  content. Prior to ion exchange 
purification, the rare-earth fract ion has been con- 
centrated and further processed by  solvent extroc- 
tion, which removes most of 144Ce and stable 
yttr i urn. 

1. 
2. 

3. 

4. 

5. 

6 .  

Processing 

Prepare equipment. 

Determine the size of column needed for the 
promethium separation. 

F i l l  the column with -70 t- 80-mesh hydrogen- 
form Dowex 5OW-X4 resin. 

Load resin a t  f u l l  f low with promethium feed t o  
* ’4 the total  length of the column. N i t r i c  acid 
content should not exceed 0.1 M ;  have cation 
concentration a s  high as possible after the rare 
earths are leached. Wash w i th  1 column vo l -  
ume of d i s t i l l ed  H,O. 

Elute column with 0.5% diethy(enetriaminepen- 
taacetic acid (DTPA) at  a pH of 5.5 to 6 S .  
Elute a t  a rate of 1 to  2 column volumes per 
hour. 

Apply hot H,O (80°C) to  column 1 hr after 
e lut ion i s  begun. 

Half-life: 7Pm 2.5 years  

Radiations: 

Beta Gamma 

0.223 None 

Process ing  faci l i ty  and shielding required: 
manipulator cell, G in .  lead equivalent 

...... 

Fixed process equipment (Fig. 111-14) 
The in i t ia l  amount o f  feed determines the size of 

the column needed. The feed material usually 
contains “5 wt % 147Ptn; the remainder i s  stable 
Nd, Sm, and Pr. Heating the column speeds up 
the exchange rate and permits faster flow. 

The top of the resin must be f la t  to ensure good 
bond formation. 

The remaining two-thirds of column length permits 
good bund resolut ion during elution. Low acidi ty 
permits good, compact loading. High cation con- 
centration and fast f low permit fast  loading and 
minimizes gassing. Column discharge line should 
pass through the ion chamber used to monitor ac- 
t i v i t y  peaks as they elute. 

to remove dissolved air and thus prevent gassing 
of column. The pH of DTPA i s  adjusted with 
“,OH. Formation of promethium band should 
become v is ib le  after -3 to 4 hr. 

Eluant must be boi led before entering the column 

Dissolved air in column must be swept out by de- 
gassed eluant before hot H,O i s  upplied. 
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7. Col lect  eluant to measure volume of each peak. 

(a) When f i r s t  ac t i v i t y  peak appears on ion 
chamber, start col lect ion in  new bott le. 

(6) Change bott les when Am-Eu peak passes 
from column. 

(c) Shange bott les when ion chamber begins to  
r i se  on second peak. Change when peak 
passes from column. 

(d) Watch for a deep 6'valley'B on ion chamber 
recorder which usual ly occurs between the 
second and third peak. 

(e) Watch the ion chamber for the las t  peak. 

8. Sample each fract ion from each peak. 

9. Combine the bottles containing the promethium 
fract ion for the second pass, which i s  usually 
the f inal  purification. 

10. Add 15 ml of concentrated HNO, per l i te r  of 
fract ion to break the Pm-DTPA complex for 
second pass loading of the column. Repeat 
steps 2 to  9 for f inal  puri f icat ion. 

11. Sample f ina l  promethium fractions and analyze. 

12. T o  the f ina l  acceptable fractions, add 15 ml  of 
70% HNO, per l i ter. Adsorb th is solut ion on a 
3/4-in.-diam by 6-in.-long column containing 
Dowex 50W-X4 resin. Wash column wi th  H,O. 

13. Strip column wi th  3 M "0,. 
14. Fume the '47Pm-HN0, solut ion w i th  12 M HCI 

twice. 

15. Dissolve residue in 1 M HCI to  provide a solu- 
t ion of 1000 mc/ml. 

16. Sample and analyze for: 
Heavy metals 
To ta l  sol ids 
Gross alpha ' 4 7 ~ m  Concentration 
Molar i ty of HCI 

Th is  i s  necessary only when separation factors are 

F i r s t  peak i s  ' 52 p 1  54Eu  and 241Am, which peak 

Samarium i s  the next element to  elute. Samarium- 

of interest. 

together. 

151, which i s  the only samarium ac t iv i t y  present, 
does not show up on ion chamber. The bulk of 
the samarium i s  stable. 

Second peak i s  '47Pm. 

Stable neodymium elutes after promethium. Pra- 
seodymium fol lows neodymium, sometimes show- 
ing a small amount of ' 4 4 ~ r  ac t iv i t y  i f  a con- 
siderable amount of 144Ce i s  on the column. 

Th is  i s  ' 4 4 C e  along w i th  stable cerium. 

The stable elements are d i f f i cu l t  to analyze. Their 
identi f icat ion may be made by their posit ion be- 
tween ac t iv i t y  peaks and by the known order of 
elution. 

After the f i rs t  pass, the promethium should be -35 
to 40% of the total  rare-earth concentration. A 
third pass can be performed i f  necessary. 

the amount of promethium to be processed. 
Column size for f inal pass w i l l  be determined by 

Spectrographic analysis i s  needed to determine 
promethium purity. Promethium-147 i s  determined 
by radiochemical analysis; 24 'Am i s  determined 
by gross alpha analysis. 

Th i s  removes residual HNO, and converts to  
chloride. 

Refer to  ORNL Master Analytical Manual (TID- 
7015), procedure No. 9 0733661. Decide ult imate 
disposal of other element fractions. Fractions 
for each element may be combined and rerun 
individual ly. Procedure for processing stable 
Nd, Sm, Pr, and 144Ce i s  the same as that de- 
scribed above. 
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( D T P A )  
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TO 
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UNCLASSIFIED 
O R N  L.- D’WG 64 - 3304 

MANIPULATOR CELL 
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IN 
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]ION CHAMBER 

1 100-ml 
FR AC ‘r IO N S 1 

CRUDE ‘47Prn2 0, 
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Fig. 111-14. Flow Diagram for 147Pm Purification. 
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Production method: 

Cross section: 

Target: 

Target weight : 

Neutron flux: 

Irradiation time: 

Reactor yield: 

Processing yield: 

Radiochemical purity: 

NICKEL-63 

62Ni(n,y)63Ni Half-life: 125  years  

15 barns Radiations:  

NiO, enriched to Beta Gamma 

0.067 None -98% 62Ni 

250 rng P rocess ing  facility 
2 x neutrons and shielding required: 

c m - - 2  sec-l manipulator cell, 6 in. lead equivalent - 150 weeks 

"2.8 curies 

> 95% 

"Ni >95% 
'Ni 0.01% 

1. 

2.  

3. 

4. 

5. 

6 .  

7. 

8. 

9. 

10. 
11. 

Prepare equipment. 

Open irradiat ion can and remove target from 
ampo le. 

Wash crushed quartz capsule and NiO from 
Tygon tube into evaporation dish wi th 12 M 
HCI 3 

Heat to  dissolve NiO. 
scrubber assembly. 

Dissolve NiCl,.Q H,O crystals in 12 iM HC!. 

Use hot off-gas 

Evaporate NiCl , solution to  dryness and fume 
w i th  12 M HCI. 
Prepare a Dowex 1 resin column for '*CO 

separation. 

Pass NiCl 
r inse column with 12 M HCI un t i l  green color 
i s  eluted. 

Collect eff luent from resin column i n  250-ml 
beaker and evaporate t o  dryness on hot plote. 

Fume wi th  16 M HNO,. 
Evaporate t o  crystals and fume several times 
w i th  12 M HCI, taking solut ion to  crystals. 

solution through the resin column; 

Hot  off-gas scrubber un i t  (Fig. 111-3) 
Quartz evaporation dish 
250-ml Pyrex beaker 
Four 150-mI Pyrex beakers 
40-ml ion exchange column (Fig. 111-4) 
100-mI product bo t t le  

See opening procedure, p. 12. 

Add addit ional HCI i f  necessary to  dissolve 
sample, 

Use approximately 100 ml of 12 M HCI per gram 
of nickel; heat i f  necessary to produce clear 
solution. 

Avoid converting chloride to oxide. 

Use 100-mesh resin, conditioned with 12 M HCI. 
Resin volume should be -70 ml per gram of 

n icke l  in  solution. 

Cobalt-58 remains on column. 

This step removes traces of ion  exchange resin. 

N i t r i c  ocid i s  removed. 



12. Dissolve  crystals  in 50 rnl of 1 M HCI and 
transfer to  product bottle. 

13. Sample and analyze for: 
Total solids 
Molarity uf HCI 
63Ni concentration 
Rad i ochemi ca  I purity 

Refer to O R N L  Master Analytical Manual (TID- 
7015), procedure No. 9 0733541. 
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Nl OBllilM-9 5 

P +  
Production method: F iss ion  "%r .---------3 "Nb Half-life: 35.0 days 

Fiss ion  yield: 6.4% Radiations: 

6 5 d  

Target:  U-A1 alloy 

Radiochemical purity: > 98% 

Beta 

0.160 

Gamma 

0.745 

Processing facil i ty arid shielding required: 
manipulator cell, 6 in. lead equivalent 

1. Prepare equipment. 

2. T o  10 mi  of 95Zr-95Nb ( in 5% oxal ic acid 
solut ion) in a 50-ml centrifuge tube, odd 
10 ml of concentrated "0,. Then add 
saturated KMnO, dropwise un t i l  precipitate 
forms. 

3. Heat tube in bai l ing H,O. I f  precipitate dis-  
appears, add KMnOd dropwise un t i l  it remains 

1-in.-diam by 6-in.-long ion exchange column 

Serum centrifuge 
150-ml product bo t t le  
Two 150-ml Pyrex beakers 
Two 50-ml centrifuge tubes 

MnO, precipitate carries the 95Nb; see 

(Fig. 111-7) 

95Zr-95N b procedure. 

4. Place tube i n  centrifuge and centrifuge + 10 
min. Discard centrifugate. 

Cen tr i  fuga te  contai n s 9 5 ~ r .  

5. Add saturated oxal ic acid solut ion dropwise to 
the precipitate un t i l  MnQ, dissolves. Add to 
the oxal ic solut ion an equal amount of concen- 
trated YNO,. 

saturated WnO, dropwise, un t i l  precipitate 
forms and remains. 

7. Repeat steps 4, 5, and 6 three times. 

6 .  Heat i n  boi l ing H,O, wi th  the addit ion of 

Each precipi tat ion removes fractional omounts 
of 95Zr. 

8. Repeat step 4 and dissolve precipitate i n  
5% oxalic ac id  solution. 

9. Prepare ion exchange column by adding enough 
- 50 + 100 mesh hydrogen-form Dowex SOW-X 12 
resin to  make a bed 6 in. long. Attach a pinch 
clomp on discharge of column to control f low 
rate. 

10, Add oxalic ocid solut ion from step 8 to  column 
and control flow through column t o  - 1  drop 
every 2 sec, Col lect  solut ion in  clean con- 
tainer. 

Niobium-95 oxalate complex passes through resin 
and mangonese i s  retained. 



11. Wash resin with 50 ml of 5% oxalic acid. 
Col lect  oxalic wash. 

12. Transfer to product bottle. 

13. Sample and analyze for: 
'N b concentration 

Radiachemica I purity 

106 

Oxalic wash removes all 95Nb from resin. 

Refer to ORNL Master Analytical Manual (TI D- 
7015), procedure No. 9 0733551. 
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OSM! UM-191 

Production method: 1 9 0 0 s  (n, y)  9 1 os Half-life: 16.0 days  

Cross  section: 8 barns Radiations: 

Target: Osmium metal Beta Gamma 

0.143 0.042 

0.129 Tar  get weight : 

Neutron flux: 2 x neutrons 

powder 

25 mg 

cm-’ sec-I Process ing  facil i ty and shielding required: 
Irradiation time: 3 weeks manipulator cell, 2 in. lead equivalent 

Reactor yield: 350 mc 

Process ing  yield: > 90% 

Radiochemical purity: > 95% (exclusjve of 
other osmium 
act ivi t ies)  

................ ............................ __ 

1. Prepare equipment. 

2. Add 25 rnl of 1 itf NaQH solut ion to d is t i l l a te  
receiver and 50 m l  of 1 M NaOH solut ion to  
each of three scrubbers i n  the d is t i l l a t ion  
system. 

3. Open irradiat ion can and transfer target mo- 
ter ia l  into double-necked flask. 

4. Cover target moterial wi th - 5  ml of aqua regia 
and heat t o  boiling. Add 5-ml increments of 
aqua regia as required to dissolve target. 

5. Add H,O, dropwise t o  boi l ing f lask to d i s t i l  
osmium as 050,. 

6. Co l lec t  osmium product, adjust volume to 50 ml 
w i th  1 M NaOH solution, and transfer to product 
bottle. 

7. Sample and analyze for: 
Molar i ty of NaOH 
Total  sol ids ’ ’OS con cent rat ion 
Rad ioc hemi cal puri ty 

500-ml standard d is t i l l a t ion  system (Fig. Ilt-15) 
The d is t i l l a t ion  system should be 0 1 1  glass, 

t ight ly sealed, and completely closed. Do not 
use grease on topered joints. 

150-mI Pyrex beaker 
100-ml product bott le 

See opening procedure, p- 12. 

As  OsO, i s  trapped in  d is t i l l a te  receiver, the 
NaOH solution turns from ye l low to  orange. 
I f  suf f ic ient  acid i s  d i s t i l l ed  into d is t i l l a te  
receiver to render i t  acid, the osmium ac t iv i t y  
w i l l  be trapped i n  the f i r s t  scrubber, as  indi- 
cated by the yellow-orange color. 

Product solut ion should be clear and yellow. 

Refer to  O W L  Master Analytical Manriaf (TID- 
7015), procedure No. 9 0733571. 
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Fig. 111-15. Osmium-191 Distillotion Equipment with Scrubbers. 
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PALLADIUM-1 09 

Production method: 

Cross  section: 

Target : 

Target weight: 

Neutron flux: 

Irradiation time: 

Reactor yield: 

P rocess ing  yield: 

Radiochemical purity : 

' O8Pd(n,y)'OgPd Half-life: 13.6 hr 

11 barns Radiations : 

Palladium metal Beta Gamma 

50 mg 0.961 0.087 

1 x IO' neutrons P rocess ing  faci l i ty  and shielding required: 

60 hr 

cm-*  sec-' manipulator cell or hot hood equipped with 
hot off-gas facil i t ies,  3 in. lead equivalent 

350 mc  

> 80% 

> 95% (exclusive 

of logrnA g 
daughter) 

1. Prepare equipment. 

2. Open irradiation can and transfer target 
in to  beaker under a hot off-gas scrubber 
assembly. 

3. Cover target material wi th  aqua regia and heat 
t o  near boil ing. 

4. Evaporate target solution to  3 to  4 rnl. 

5. D i lu te  to  50 ml with d is t i l l ed  H,O and transfer 
t o  product bottle. 

6. Sample and analyze for: 
Molari ty of HCI 
Tota l  solids ' ' Pd concentration 
Rad ioc hemi co l  purity 

Hot  off-gas scrubber un i t  (Fig. 111-3) 
150-rnl Pyrex beaker 
100-ml product bo t t le  

See opening procedure, p. 12. 

Add fresh aqua regia as required un t i l  target 

Evaporation expels excess acid. 

Product solut ion should be clear and reddish 

material i s  completely dissolved. 

brown. 

Refer to ORNL Master Analytical Manual (TID- 
7015), procedure No. 9 0733591. 
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PHOSPHORUS-32 

Production method: 

Cross  section: 

Target:  

Target weight: 

Neutron flux: 

S(n, p)  P Half-life: 14.3 days 

0.065 barn Radiations: 

Sulfur Beta Gamma 

35 g 1.701 None 

2 x 1014 neutrons Process ing  facility and sh ie ld ing  required: 
manipulator c e l l ,  6 in. lead equivalent cm- '  sec-l 

(thermal) and 
"1 x 10' neutrons 
cm-' sec-' (fast)  

Irradiation time: 8 w e e k s  

Reactor  yield:  30 curies  

Process ing  yield: > 95% 

Radiochemical purity: > 99% (exclusive 
of 33P) 

~ .. . . ~ .... -~ .... ~ l_l_ I__ ........ 

Preparing Target 

1. Pur i fy sulfur target by heating wi th -10 wt  % of 
MgO a t  2 2 5 T  for several hours. 

Sulfur pur i f icat ion i s  a d i f f i cu l t  and tedious pra- 

cedure; however, the pur i ty of the f inal  32P i s  
dependent upon the preparation o f  very pure 
sulfur. Repeated d is t i l l a t ion  from platinum 
equipment removes traces o f  magnesium and 
other impurities. 

2. Me l t  35 g of puri f ied sulfur into an aluminum 
irradiat ion capsule. Close by welding. 

Processing 

1. Prepare equipment. 

2. Open aluminum capsule w i th  a tubing cutter 
by posit ioning capsule between two resistance 
heaters over w quartz cup. 

3. Transfer the quartz cup into the d i s t i l l a t i o n  
unit, and d i s t i l  sulfur from cup a t  a tempera- 
ture of 450 to 475T. 

4. Al low d is t i l l a t ion  equipment io cool and trons- 
fer quartz cup to a beaker. Add 80 rnl of 1 M 
MCI to the c u p  to  dissolve 32P,0 , .  

Aluminum capsule i s  treated with  hot concen- 
trated n i t r i c  ac id  to clean and reduce the pos- 
s ib i l i t y  of sulfur corrosion during irradiation. 

Sulfur d is t i l l o t ion  equipment (Fig. 111-16) 
Sulfur melt ing furnace (Fig. 111-17) 
250-ml Pyrex beaker 

500-ml Pyrex beaker 

Fri t ted-gloss f i l ter ing funnel 

Tubing cutter 

Avoid overheating that might igni te the sulfur 
(Fig. 111-17). The sulfur i s  al lowed to  m e ! t  and 
flow out of the irradiat ion capsule into the cup. 

3 hr. 
Do not overheat; d is t i l l a t ion  should require 2 to 

Leach cup for 8 to 16 hr at 80 to 90OC. 
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5. Transfer leach solution to a beaker and r inse 
cup w i th  20 to  30 ml of H,O. 

6. Heat combined leach and r inse solutions for 4 
hr at 90°C. 

7. F i l t e r  solution through a f ine sintered-glass 
funnel and adjust volume to  100 to 125 ml of 

Orthophosphoric acid i s  formed. 

1 iM HCI. 
8. Sample and analyze for: 

Molari ty of HCI 
Heavy metals 
3 'P Con centrat i on 
Total  sol ids 
Rad i ochemi cal puri ty 

UNCLASSIFIED 
ORNL-DWG 61-3305 

Refer to ORNL Master Analytical Manual (TID- 
7015), procedure No. 9 0733601. 

UNCLASSIFIED 
ORNL-DWG 61-3306 

GROUND QUARTZ 
BALL JOINT 

Fig.  111-16. Sulfur Dist i l lat ion Equipment, Front Cutaway. 

.._.___.. 

Fig. 111-17. Sulfur Melting Furnace, Front Removed. 
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Production method: 

Cross  section: 

Target : 

Target weight : 

Neutron flux: 

41K(n,y)42K Half-life: 12.47 hr 

1.1 barns Radiations:  

K F O 3  Beta 

3 g  2.04 (20%) 

-1.3 1014 3.58 (80%) 
neutrons 
c ~ i i - ~  sec-' 

Irradiation t ime:  61 h r  

Reactor yield: 700 mc 

Processing yield: > 95% 

Ma diochemi cal purity : > 99% 

Gamma 

0.320 (0.16%) 

1.51 (20%) 

Processing facility and shielding required: 
manipulator cell, 1 in. lead equivalent 

1. Prepare equipment. 

2. Open irradiation can and transfer target ma- 
terial  into beaker under hot off-gas scrubber 
assembly, 

3. Dissolve target material in a minimum amount 
of 12 h! HCI. 

4. Adiust volume to 50 rnl of 1 M HCB and transfer 
to product bottle. 

Molarity of HCI 
Total solids 
4 2 ~  concentration 
Radi ochem i ca I purity 

5. Sample and analyze for: 

Hot  off-gas scrubber un i t  (Fig. 111-3) 
150-ml Pyrex b e o k ~ r  
180-rnl product bott le 

See opening procedure, p. 12. 

Add HCI drepwise to minini i re effervescence Q f  
' 0 2  

Product solution should be c lear  and water-white. 

Refer to ORRL Master Analytical  Manual (TI D- 
7015), prOCedlJTe NO. 9 0733641. 





115 

PRAS EQDYMIUM-142 

Production method: 141Pr(n,y)14 'Pr Half life: 19.2 hr 

Cross section: 12.0 barns Radiations: 

Target: V 3  Beta Gamma 

Tar  get weight : 10 mg 0.59 (-7'70) 1.6 

Neutron flux: 1 x 1013 neutrons 2.166 (-93%) 
cm-.' sec-l 

Irradiation time: 60 hr 

Reactor yield: 120 mc 

Process ing  yield: > 90% 

Process ing  facil i ty and shielding required: 
manipulator c e l l  or hot hood equipped with 
hot off-gas faci l i t ies ,  2 in. lead equivalent 

Radiochemical purity: > 98% 
..................................... ......... ... 

1. Prepare equipment. Hot off-gas scrubber unit (Fig. 111-3) 
150-ml Pyrex beaker 
100-ml product bott le 

2. Open irradiation can and transfer target ma- 
terial  into beaker under hot off-gos scrubber 
assembly. 

3. Dissolve target material in a minimum amount of 
12 M HCI, 

4. Adiust volume to 50 ml of 1 iM HCI and transfer 
to product bottle. 

See opening procedure, p. 12. 

Low heat  will  increase ra te  of dissolution. 

Product solution should be clear  and water-white. 

5. Sample and analyze for: 
Molarity ob HCI 
Tota l  solids 
1 4 2 ~ r  concentration 
Radi oc hemi ca I purity 

Refer to ORNL Master Analytical Manual (TID- 
7015), procedure No. 9 0733650. 
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Product ion method : 

Cross section: 

Target : 

T a r  get weight : 

Neutron flux: 

Irradiation time: 

Reactor yield: 

Processing yield: 

Radiochemical purity: 

PROMETH IUM-147 

(See Neodymium-1 47) 

RH EN1 UM-186 

1'sRe(n,y)186Re 

110 barns 

Rhenium metal 

0.1 g 

-1 x 1013 
neutrons 
cm- '  sec-' 

60 hr 

4 cur ies  

> 90% 

> 98% (exclusive 
of "'Re) 

1. Prepare equipment. 

2. Open irradiation cun and transfer target into 
beaker under hot off-gas scrubber assembly. 

3. Dissolve target material in a minimum amount of 

4. Adjust volume to 50 rnl of 1 M HNO, and transfer 

16 M "8,. 

to  product bottle. 

5. Somple and unalyze for: 
Molarity of "0, 
Total solids 
186Re  concentration ' 88Re concentration 
Rad icchemica I purity 

Other 

E C  (-5%) 

Half-life: 88.9 hr 

Radiations: 

Beta Gamma 

0.3 (weak) 0.123 

-95% 0.926 0.137 

1.063 0.627 

0.764 

{ 
Process ing  facil i ty and shielding required: 

manipulator cell, 3 in. lead equivalent 

Hot off-gas scrubber unit (Fig. 111-3) 
150-ml Pyrex beaker 
100-ml product bottle 

See opening procedure, p. 12. 

A few drops of H2Q2 and low heat  increase rate of 
dissolution. 

Product solution should be clear and water-white. 

Refer to ORNL Master Analytical Manual (TID- 
7015)) procedure No. 9 0733731. 
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RUB I DlUM-86 

Production method: 85Rb(n,y)86Kb Half-life: 18.68 days 

Cross  sect ion:  

Target: 

Tar get weight : 

Neutron flux: 

1.0 barn Radiations : 

Rb,CO, 

6.5 g 

2 1014 
neutrons 
c m - *  see- 

Irradiation time: 15 weeks 

Reactor yield: 6 cur ies  

Process ing  yield: > 80% 

Beta Gamma 

0.72 (20%) 1.08 (8.9%) 

1.82 (80%) 

Process ing  facility and shielding required: 
manipulator cell, 2 in. lead equivalent, 
minimum 

Radiochemical purity: > 98% 
____. __... . . ~ 

~ 

1. Prepare equipment. Hot off-gas scrubber uni t  (Fig. 111-3) 
150-ml Pyrex beaker 

2. Open irradiation con and transfer target 
material into beaker under hot off-gas 
scrubber assembly. 

3. Add 12 M HCI dropwiee unt i l  target i s  dissolved. 

4. Adjust  volume to  50 ml of 1 M HCI and transfer 
to  product bottle. 

See opening procedure, p. 12. 

Slow addit ion of ac id  reduces sample loss due to 
effervescence. 

Product solut ion should be water-white. 

5. Sample and analyze for: 
Molari ty of HCI 
Tota l  sol ids 
86Rb concentration 
Radi ochemi ca I purity 

Refer to ORNL Master Analytical Manual (TID- 
7015), procedure No. 9 0733721. 
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RUTHENIUM-97 

Product ion method : %u(n, y19 'RU Half-life: 2 .9  days  

Cross  sect ion:  0.2 barn Radiations: 

Target:  RuOz Beta Gamma Other 

Target  weight: I g  None 0.109 EC 

Neutron flux: 2 x 10' neutrons 
cm- '  sec-I 

0.216 No  p' 
0.325 

Irradiation time : 2 days  

Reactor yield: 30 m c  Processing facility and shielding required: 

Process ing  yield: > 90% 

Radiochemical purity: > 99% 

manipulator cell, 2 in. lead equivalent 

__ ____.-- ....... _-.. .._--__-.___ ...- - 

1. Prepare- equipment. Hot off-gas scrubber un i t  (Fig. 111-3) 
150-ml Pyrex beaker 
100-ml product bott le 

2. Open irradiation can and transfer target into 
beaker under hot off-gas scrubber assembly. 

3. D isso lve  target moterial i n  minimum amount ob 
12 iw H61. 

4. Adiwst volume to  50 ml of 5 t o  5 M NCI and 
transfer t o  product bottle. brown. 

See opening procedure, p. 12. 

Low heat increases rate of dissolution. 

Product solution should be clear and reddish 

5. Sample and analyze for: 
Molari ty of HCI 
Total  sol ids 
97Ru concentration 
Other act iv i t ies 

ad i  ochemica I purity 

Refer to ORNL Master Analytical Manual (TID- 
7015), procedure No. 9 0733732. 
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RUTH E NIUM- 103 

Production method: 

F i s s i o n  yield: 

Ta  rget : 

Irradiat ion time: 

Radiochemical purity: 

03Ru >99% (exclusive 
o f  '06Rii and lo6Rh)  

106Ku- '06Rh < l o %  

1. 
2. 

3. 

4. 

5. 

6 .  

7. 

8. 

9. 

10. 

11. 

Fiss ion  Hal f - l i fe :  39.7 days 

2.9% Radiations: 

U-A1 al loy Beta Gamma 

4 weeks 0.11 (7%) 0.498 

0.22 (90%) 0.610 

0.71 (3%) 

Processing fac i l i t y  and sh ie ld ing required: 
manipulator ce l l ,  6 in. lead equivalent, 
minimum 

Prepare equipment. 

Add 75 ml of concentrated HCl to  each bubble 
trap. 

Add 200 ml of uranyl nitrate solut ion from the 
l3'I process dissolver and 100 ml of concen- 
trated H,SO, to  evaporation flask. 

Apply vacuum to  the system and careful ly ad- 
just  i t  so that there is  a s l ight  bubbling of a i r  
through the solution. 

Add 100 to  150 ml of saturated KMnO, dropwise. 

Ruthenium d is t i l la t ion system (Fig. 111-18) 

See ' ' I procedure. 

Potassium permanganate oxidizes lo3Ru to  Ru8+ 
where it will  readi ly d is t i l  as RuO, from the 
hot H,SO, solution. 

Avoid vigorous boil ing. Careful ly heat f lask wi th  a Bunsen burner. 

D i s t i l  enough vapor into the bubble traps to 
about double the original 75 ml of HCI added. 

I f  a curie or more of '03Ru act iv i ty  i s  d is t i l l ed  
over, the HCI solution turns brown. 

Remove heat from the flask. Continue to 
sweep air through the system unt i l  the f lask 
coals. 

Discard the evaporator f lask solution. Caution: Th is  solution contains other f ission 
product act iv i t ies .  

Drain HCI - lo3Ru solution from bubble traps 
in to  product bottle. 

Ruthenium-103 product i s  in  - 6  M HCI. 

Sample and analyze for: 
03Ru concentration 

Molari ty of HCI 
Rad i ochemi ca I purity 

Refer to  ORNL Master Analytical Manual (TI D- 
7015), procedure No. 9 073371. 
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UNCLASSIFIED 
O R N L - W I G  61-1307 

SCLUTICN 

Fig. 111-18. Ruthenium Purification System. 
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Production method: 

0- 
lo6Ru- lo6Rh 

3 7 1 d  

F i s s i o n  yield: 0.38% 

Target  : U-A1 alloy 

Radiochemical purity: 

Io6Ku >99% (exclusive of lo3Ru) 

l o 3 R u  <lo% 

06Rh (in equilibrium) 

RUTHENIUM- 106-RHODIUM- 106 

Fiss ion  Half-life: Io6Ru 371 days  
I o 6 R h  30 sec 

Radiations:' 

Beta  Gamma 

106KU 0.0392 None 

106Rh 2.0 (3%) 0.513 

2.44 (12%) 0.87 

3.1 (11%) 1.045 

3.53 (68%) 2.41 

Processing facil i ty and shielding required: 
manipulator ce l l ,  6 in. lead equivalent,  
minimum 

.-.... .-..___ 

1. Prepare equipment. 

2. Add 75 ml of concentrated HCI to each bubble 
trap. 

3. Pour 200 mi of uranyl nitrate solut ion from irra- 
diated uranium slugs into evaporation flask; add 
100 ml of concentrated H,SO,. 

4. Open the vacuum to  the system careful ly and 
adjust i t  sa that there i s  a s l ight  bubbling 
of a i r  through the solution. 

5. Add up to  150 ml of saturated KMnO, dropwise. 

6. Careful ly heat the f lask w i th  a Bunsen burner. 

7. D i s t i l  enough vapor into the bubble traps to  
about double the original 75 ml of HCI added. 

8. Remove heat from the flask. Continue t o  sweep 
a i r  through the system unt i l  the f lask cools. 

9. Discard evaporator f lask solution. 

10. Drain HCI- '06Ru solution from bubble 
traps into product bottle. 

11. Sample and analyze for: 
Molari ty of HCI 
l o3Ru  concentration ' 06Ru concentration 
Radiochemica I purity. 

Ruthenium d is t i l l a t ion  system (Fig. 111-18) 
100-ml product bott le 

Long irradiat ion of uranium slugs i s  necessary for 
good l o 6 R u  production. The slugs must have 
decayed a t  least a year before processing. 

Avoid vigorous boi I ing. 

I f  a curie or more of l o6Ru  ac t iv i t y  i s  d is t i l l ed  
over, the HCI solut ion turns brown. 

Coution: Solution contains other f i ss ion  product 
act ivi t ies. 

Ruthenium-106 product i s  i n  -6 M HCI. 

Refer to ORNL Master Analytical Manual (TID- 
7015), procedure No. 9 0733731. 
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SAMARIUM-1 53 

Production method: 

Cross section: 

Tar get : 

Target weight: 

Neutron flux: 

152Sm(n,y)153Srn Half-life: 46.8 hr 

220 barns Radiations 2 

Sm203 Beta Gamma 

10 mg 0.26 (9%) 0.0691 

1 1013 0.685 (70%) 0.1027 

0.795 (21%) 0.54% neutrons 
cm-' sec-" 

Irradiation time: 60 hr 

Reactor yield: 300 rnc 

Process ing  yield: > 95% 

Radiochemical purity: > 98% 

Processing faci l i ty  and sh ie ld ing  required: 
manipulator ce l l  or hot hood equipped with 
hot off-gas faci l i t ies ,  3 in. lead equivalent 

1. 

2. 

3. 

4. 

5 .  

Prepare equipment. 

Open irradiation can and transfer target into 
beaker under hot off-gas scrubber assembly. 

Dissolve target material i n  a minimum amount 
of 12 M HCI. 
Adiust  volume to 50 ml of 1 M HCI and transfer 
t o  product bottle. 

Sample and analyze for: 
Molar i ty of HCI 
Total  solids 
1 5 3 ~ m  concentration 
Radioc hemi ca I purity 

Hot off-gas scrubber un i t  (Fig. 111-3) 
150-rnl Pyrex beaker 
100-ml product bott le  

See opening procedure, p. 12. 

Low heat increases rote of dissolution. 

Product solut ion should be clear and water- 
white. 

Refer to  ORNL Master Analytical Manual (TID- 
7015), procedure No. 9 0733741. 
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SCANDIUM-46 

Production method: 

Cross section: 

Tar  get : 

Tar get weight : 

Neutron flux: 

Irradiation time: 

Reactor yield: 

Process ing  yield: 

Radiochemical purity: 

4SSc(n,y)46Sc 

sc203 
23 barns 

30  mg 

2 x 10'  neutrons 
sec-' 

1 year 

10 cur ies  

> 9S% 

> 99% 

Half-life: 84.2 days 

Radiations: 

Beta Gamma 

0.36 (-99.5%) 0.89 (- 99.5%) 

1.2 ( -0"Sx) 1.12 (100%) 

Process ing  facil i ty and sh ie ld ing  required: 
manipulator cell, 4 in. lead equivalent 

1. Prepare equipment. 

2. Open irradiation can and transfer target into 
beaker under hot off-gas scrubber assembly. 

3. Dissolve target moterial i n  minimum amount 
o f  12 M HCI. 

4. Adiust  volume t o  50 ml with 1 hi HCI and 
transfer to product bottle. 

5. Sample and analyze for: 
Molar i ty of HCI 
Tota l  sol ids 
4 6 ~ c  concentration 
Radiochemical puri ty 

Hot off-gas scrubber un i t  (Fig. 111-3) 
150-rnl Pyrex beaker 
100-ml product bott le 

See opening procedure, p. 12. 

L o w  heat increases rate of dissolution. 

Production solut ion should be clear and water- 
white. 

Refer to ORNL Master Analytical Manual (TID- 
7015), procedure No. 9 0733751. 
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SEL EN I UM-75 

~ e ( n , y ) ~ ~ ~ e  Half-life: 119.9 days  Production method : 74 

Cross section: 30 barns Radiations:  

Target:  Selenium metal 

Target weight: 300 mg of enriched None 0.067 (0.5%) 

0.0'77 (14%) 

0.138 (21%) Neutron flux: % 2 x 10' neutrons 

0.259 (71%) 

0.405 (14%) 

Beta  Gamma' 

"13% 74Se 

c m - '  set".' 
Irradiation time: 1 2  weeks 

Reactor yield:  % 1.6 curies 
Processirig facil i ty and shielding required: 

manipulator cell or hot hood, 4 in. lead Processing yield: > 95% 

Other 

EC 

Radiochemical purity: 97% rquivalent 
- _  _ _  -- _ _ _ ~  ~ _ _  ~ ~ 

_I _ .  

1. Prepare equipment. Hot off-gas scrubber uni t  (Fig.  111-3) 
150-ml Pyrex beaker 
100-rnl product bott le 

2. Open irradiat ion can and transfer targer t o  
beaker under hot off-gas scrubber assembly. 

See opening procedure, p. 12. 

3. Dissolve target material i n  a minimum amount of 
aqua regia. 

4. Evaporate to  near dryness to remove excess 
"0, .  to volat i le §eo, .  

5. Adjust  volume to  50 mi of 1 M HCI and transfer 
to product bottle. 

Low heat increases rate o f  dissolut ion. 

Do not bake. Selenous acid decomposes readi ly 

Product solut ion should be clear and water-white. 

5.  Sample and analyze for: Refer to  ORNL Master Analytical itfa171r;ll (TID- 
Molari ty of HCI 
Total  s o l i d s  
755e concentration 
Radiochemical puri ty 

701 5), procedure No. 9 0733761. 
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SILVER-110  AND -110m 

Production method: 

Cross section: 

Target: 

Target weight: 

Neutron flux: 

Irradiation time: 

Reactor yield: 

Process ing  yield: 

Radiochemical purity: 

2 barns 

Silver metal 

1.0 g 

2 x 1 0 ' ~  neutrons 
sec- Cm -- 7. 

171 weeks 

3.3 curies 

> 95% 

> 98% 

Half-life: ' OmAg 249 days  
' ' 'Ag 24.2 sec 

Radiations: 

Beta Gamma' 

0.087 (-58%) 0,116 

0.53 (-35%) 0.656 

2.12 ( -3%) 0.885 (81%) 

2.86 (-3%) 1.389 (33%) 

1.516 (17%) 

Process ing  facility and  sh ie ld ing  required: 
manipulator cell, 4 in .  lead equivalent 

Other 

IT 

1, Prepare equipment. Hot off-gas scrubber unit (Fig.  111-3). 
150-mI Pyrex beaker 
100-ml product bott le 

2. Open irradiat ion can and transfer target into 
beaker under hot off-gas scrubber assembly. 

3. Dissolve target i n  minimum amount of 16 M 

See opening procedure, p. 12. 

"0,. 
4. Adjust  volume to 50 ml of 1 M HNO, and transfer 

5. Sample and analyze for: 
Molari ty of HNO, 
Total sol ids 
l 1  " ~ g  concentration 
Rad ioc hem ica I purity 
Substances no t  precipitated w i th  HCI 

Product solution should be clear and water-white. 

to product bottle. 

Refer to ORNL Master Analytical Manrial (TID- 
7015), procedure No, 9 0733781. 
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Production method: 

' 'OPd(n,y)' ' 'Pd ------ p, l l l A g  

2 2rr. 

Cross sect ion:  0.2 barn 

'Target: 

Target weight: 

Neutron flux: 

Irradiation t i m e :  

Reactor yield:  

Processing yield: 

Palladium metal 

300 rng 

2 x 10' neutrons 
c m - 2  sec-' 

3 weeks  

60 m c  

> 50% 

Iiadiochemical purity 
l 1  Ag, > 98% (exclusive of ' ' 'Ag) 
"Ag, < 10% 

SILVER-111 

Half-life: 7.5 days  

1. Prepare equipment. 

2. Open irradiat ion can and transfer palladium f o i l  
to 150-ml Pyrex beaker under hot off-gas scrub- 
ber assembly. 

3. Dissolve target i n  a minimum amount of aqua 
regia. 

4. Evaporate to dryness. 

5. Add 25 ml of 12 M HCI and evaporate to d ry -  
ness. 

6. Dissolve chloride residue i n  200 ml of 12 M 
HCI. 

7. Condit ion Dowex 2 resin i n  ion exchange 
column with several volumes of 12 M HCI. 

8. Load column with chloride solut ion and co l lec t  
effluent. 

9. Wash column wi th  an addit ional 200 to 300 ml 
of 12 M HCI. 

Evaporate solut ion from column to -25 m l .  10. 
11. Add 25 m l  of 16 M HNO, and evaporate to  

-0.1 ml.  Repeat step. 

Iiadiations: 

Beta Gamma 

0.7 (8%) 0.243 

0.8 (1%) 0.34 

1.04 (91%) 

Processing facility and shielding required: 
manipulator ce l l ,  4 in.  lead equivalent 

Hot off-gas scrubber uni t  (Fig. 111-3) 
150-ml Pyrex beaker 
10 mm x 20 cm ion exchange column (Fig. 111-4) 
Two 600-rnl Pyrex beakers 
100-ml product bottle 

See opening procedure, p. 12. 

N i t r i c  acid i s  expelled. 

Traces of "0, are removed and Pb(NO,), is 
converted to PbCl 2. 

Palladium complex remains on resin; " ' A s  passes 
through the column and i s  col lected i n  600-rnl 
beakers. 

Volume is reduced, and excess HCI is expelled. 

Traces of HCI are removed by treatment. 
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12. Dissolve ’ ’ ‘ A s  product in 50 mi of 2 M HNO, 

13. Sample and analyze for: 
Total  so l ids  

Molarity of H N Q ,  
” ’ Ag concentration 
Radioc hemicol purity 

Product should be clear a n d  water-white. 
and transfer to  product bottle. 

Refer to ORNL Master Anafytical Manual (TID- 
7015), procedure No. 9 0733783. 





Production method: 

Cross  section: 

Target:  

Target weight: 

Neutron flux: 

Irradiation time: 

Reactor yield:  

Process ing  yield: 

Radiochemical purity: 

Na(n, y)' Na 2 3  

0.53 barn 

NaZCD3 

250 mg 

1 x 1 0 ' ~  neutrons 
ern'-' sec-' 

60 hr 

250 mc 

> 90% 

> 99% 

135 

SODIUM-24 

.... 

Half-life: 15.05 hr 

Radiations: 

Beta Gamma 

1.39 (- 100%) 1.368 (" 100%) 

2.754 (- 100%) 

Process ing  facility and sh ie ld ing  required: 
manipulator cell, 6 in. lead equivalent 

1. Prepare equipment. 

2. Open irradiat ion can and transfer target in to  
beaker undet hot off-gas scrubber assembly. 

3. Add 12 it! HCI dropwise (to minimize effervesc- 
ing) and heat un t i l  a l l  target material i s  d is -  
solved. 

4. Evaporate to complete dryness. 

5. Dissolve in -20 ml of d i s t i l l ed  H,O and again 

6. Adiust  volume to 50 ml of d i s t i l l ed  H,O. Trans- 

7. Sample and analyze for: 

evaporate to dryness. 

fer solut ion to product bottle. 

PH 
Total  sol ids 
24Na concentration 
Radiochemical pur i ty 

Hot off-gas scrubber uni t  (Fig. 111-3) 
150-nil Pyrex beaker 
100-ml product bott le 

See opening procedure, p. 12. 

Addit ion o f  HCI dropw ise minimizes effervescence. 

Evaporation removes excess HCI. 

This  step removes traces of HCI, 

Product solut ion should be water-white, pH -7. 

Refer to ORNL Master ana ly t ica l  Manual (TID- 
7015), procedure No. 9 0733792. 
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STRONTIUM-85 

Production method: 

Cross  sec t ion :  

Target : 

Targe t  weight: 

Neutron flux: 

Irradiation t i m e ;  

Reactor yield: 

Process ing  yield : 

Radiochemical purity: 

s 4 ~ r ( n ,  y )  " ~ r  

1 barn 

Sr(N03)2,  enriched 

25 rng 

to - 34% "sr 

-2 1014 
neutrons 
cm-2 sec-l 

-1 year 

100 m c  

> 95% 

> 98% (exclusive 
of < 1% " ~ r )  

1 .  Prepare equipment. 

Half-life: 64.0 days  

Kadiat ions: 

Beta G a m  a 

None 0.51 Mev 

process ing  faci l i ty  and shielding required: 
manipulator ce l l  or hot  hood equipped with 
hot off-gas faci l i t ies ,  3 in. lead equivalent 

Hot off-gas scrubber unit (Fig. 111-3) 
100-mi product bottle 
150-ml Pyrex beaker 

2. Open irradiation can and transfer target into 
beaker under hot off-gas scrubber assembly .  

3. Rissolve target in  -10 ml of hot 3 M HNO,. 
4. Adjust volume to 50 m l  of 1 ill "0 ,  and trans- 

5. Sample and analyze  for: 
Molarity of HNQ, 
Total solids 
8 5 ~ r  concentration 
895,  concentration 
Heavy metals 
Radioc hemica I purity 

See opening procedure, p. 12. 

Solution should be water-white .  

Refer to ORNL Master .4naftyicaf Manual (TID- 
fer solution to product bottle. 

7015), procedure No. 9 0733803" 
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STRONTIUM-90-YTT RIUM-90 

Production method: 

F iss ion  yield: 

Target: 

Iiadiochemical purity: 
9 0 ~ r  >99% (exclusive of 8 9 ~ r )  
8 9 ~ r  <IO% 
90Y (in equilibrium) 

Fiss ion  Half-life: 90Sr 28 years  
90Y 64.4 hr 

Radiations: 

Isotope 

' OSr 

5.9% 

U-A1 alloy 
13eta Gamma 

0.61 None 

OY 2.18 None  

Process ing  facility and shielding required: 
manipulator ce l l ,  6 in. lead equivalent 

.~ ...... ~~~ ...... __ ...... 

Source of Material 

The current feed material i s  h ighly purified 
90SrC0, from Hanford Atomic Products Operation. 
This i s  converted to "SrTiO, for use i n  sources. 

Refer to Isotopes and Radiation Technology l(1):  

Strontium-90 carbonate i s  dissolved i n  di lute 
35-43 (Fal l ,  1963). 

HNO,, TiO, (as a dry powder) i s  slurr ied into the 
solution, and 90Sr i s  precipitated onto the TiO, 
by adding (NH,),CO,. (A rat io of t i tanium e le -  
ment to  the total  a lkal ine earths i n  the 90Sr solu- 
t ion of 1.05 i s  used to  calculate the amount of 
TiO, to be used.) The precipitate i s  f i l tered on 
a sintered-glass f i l ter, placed in  a platinum boat, 
and calc ined a t  1100°C for 4 hr to convert i t  to  

OSrT i 0,. 

Processing 

1. Prepare equipment. 

2. Add 100 m l  of 6 M HCI t o  "5 g of "SrTiO, 

3. Adjust volume t o  200 ml w i th  d is t i l l ed  H,O, 
and leach for "15 min. 

and f i l te r  the so l id  on f i l ter  paper. Repeat i f  
necessary to y ie ld  o clear solution. 

and leach second time. Refi l ter. Discard 
TiO, precipitate. 

5. Transfer solut ion to  extractor and add enough 
fuming HNO, to the solut ion to  bring ac id i ty  up 
to -65%. 
( a )  I f  Sr(NQ,), does not precipitate a t  th is  

4. Flush TiO, precipitate into a beaker w i th  H,Q 

concentration, careful ly add more HNO, 
unt i l  precipitate forms.  

( b )  Agitate - 5  min after precipitate appears. 

Extractor (Fig. 111-6) 
Three 600-1111 Pyrex beakers 
Hot plate 
Si  ntered-g I ass fun ne1 
Whatman No. 1 f i l ter  paper 
100-ml product bott le 

Keep temperature just below boi l ing. 

Strontium-90 remains i n  solution. 

Strontium-90 nitrate i s  insoluble i n  -65% HNO 3' 
Yttrium-90 daughter and many other ions remain 
in  solution. 

Agitate the solut ion during the HNO, addition by 
drawing a i r  up through the f i l ter  disk. 
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6 .  

7. 

8. 
9. 

10. 

11. 
12. 

13. 

F i l t e r  insoluble nitrate. Discard HNO, solu- 
tion. 

Add 50 ml of d is t i l l ed  H,O to extractor and 
agitate 5 to  10 rnin. Transfer solut ion to a 
c lean beaker. 

Repeat s t e p  5. 
Repeot step 6. Discard HNO, solution. 

Remove 90Sr(N03)2 water solut ion t o  evapora- 
tion f lask. Fume twice with concentrated 
"0,.  

Fume twice w i th  concentrated HCI. 
Add 400 m l  of  1 M HCI to  "SrCI,, and trans- 
fer t o  product bottle. 

Sample and analyze: 
Molari ty of HCI 
Total  sol ids 
Heavy metals 
Radiochcmi cu I purity ' " ~ r  concentration 

Strontium-90 nitrate remains on disk. 

Strontium-90 nitrate i s  soluble i n  H,O. 

This further pur i f ies 90Sr. 

Organic material i s  removed. 

N i t r i c  acid i s  removed, and 9oSrC12 i s  formed. 

Refer to ORNL Master Analytical Manual (TID- 
7015), procedure No. 9 0733801. 
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su L f UR-35 

(as H,$04) 

Production method: ’CI(n, p)3  S Half-life: 89.0 days 

Cross section: 0.26 barn Radiations: 

Target: KC1 Beta Gamma 

Radiochemical purity: 3 5 s ,  >99% 0.167 None 

Processing facility and shielding required: 32P,  t0.1% 

hot hood 

1. Prepare equipment. 2 to 3 l i ter  d is t i l la t ion equipment (Fig. 111-2) 
Ion exchange column (Fig. 111-4) 
600-ml Pyrex beaker 
100-ml product bott le 

2. Open irradiat ion can and remove sample. 

3. Transfer irradiated sample into beaker and d is -  

See opening procedure, p. 12. 
If 3 a * 3 9 A r  i s  t o  be recovered, the dissolut ion 

solve in -200 ml of d is t i l l ed  H,O, should be carried out i n  a closed system. See 
7Ar procedure. 

4. Dilute to 1 l i ter  w i th  d is t i l l ed  H,6 before load- 

5. 
ing solut ion on ion  exchange c o l u m n .  

Prepare ion exchange column wi th  Amberlitc IR-  
120 resin by washing column wi th  6 hf HCI fo l -  
lowed by (J water wash unt i l  column eff luent i s  
neutral. 

Column should contain -50% excess capacity. 

5 .  Transfer KCI-H,O solution into head f lask and Potassium ions remain on column; and 35S 
adjust column f low rate to c\r 1 ml/min. pass through column as H,SO, and HCI. 

7. Wash column wi th  1 l i ter  of H,B. This  step ensures complete removal of 36CI and 
35s. 

8, Place eff luents from steps 6 and 7 into d i s t i l -  
la t ion equipment. 

9. Heat flask. Discard d is t i l l a te  un t i l  HCI Removal of HCI i s  determined by test ing wi th  

Removal of last traces o f  HCI without loss of 
H,SO, i s  attempted in  th is  step. The flask, 
therefore, should not be permitted to become dry. 
Sulfur is  recovered from the d is t i l la t ion residue 
after removal of 3 6 ~ ~ .  

rate to dryness because 3 5 S  w i l l  be lost. 

appears ( in  dist i l late). l i tmus paper. 

10. After ac id  appears in  dist i l late, continue d i s t i l -  
la t ion u n t i l  no more than 0.5 ml remains i n  
bo i l ing flask. 

11. Add 10 m l  of 16 M HNO, to  bo i l ing f lask and This step removes organic material. Do not evapo- 
fume to near dryness. Repeat three times. 
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12. Add 10 m l  of 12 M HCI and fume. Repeat three 
times. 

Nitr ic  acid is removed. Do not take to dryness. 

13. Adiust volume to 50 ml  with H,O and transfer 
to product bottle. 

14. Sample and analyze far: 
Total  solids 
Molarity of HCI 
Radiochemical purity 
3 5 ~  concentration 

Solution contains 35S as H,SO, in HCI. 

Refer to ORNL Master Analytical Manual (TID- 
7015), procedure No. 9 073381 1. 
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SULFUR-35 
[as BaS i n  Bo(QH),] 

Product ion method : Conversion Half-life: 89.0 days 

Radiochemical purity: 35s, >99% Radiations: 

Beta  Gamma 

0.167 None 

32P, negligible 

Process ing  facility and shielding requited: hot 
hood 

Source of Material 

Two curies of 3 5 S  as H,SO, i n  HCI are treated 
w i th  BoCI, solut ion to  y ie ld  BaSO,. 

Process ing 

1. Prepare equipment. 

2. F i l t e r  SaSO, on a f ine f i l te r  paper and wash 
with water. Discard f i l t rate. 

3. Place f i l te r  paper containing precipitate into a 
plat inum boat and heat in  a quartz tube under a 
stream of hydrogen for 

4. Transfer plat inum boat containing BaS to the 
gas-generation f lask and odd suff ic ient  concen- 
trated H3P0, to  cover the boat. 

stream of nitrogen a t  a flow rate of “1 ml/min 
i n to  a scrubber containing BQ(O 

16 hr a t  red heat .  

5. Sweep H,S generated from the f lask w i th  Q 

6. When H,S generation i s  complete, as shown by 
cessation of bubbles from the plat inum boat, 
sweep the gas generator w i th  h e l i u m  for an addi- 
t ional  hour and valve off the scrubber system. 

7. Hold solut ion in  the scrubber as a storage con- 
tainer for the 3 5 S  product. 

8. Sample solut ion and analyze for: 
Total  sol ids 
3 5 ~  concentration 
Rad i oc hem i cn I pur i ty 
Nonsulf ide sulfur 
Molarity of Ba(OH), 

9. Package i n  sealed ampules evacuated and f i l l ed  
under helium atmosphere. 

See 35S procedure. 

See Figs. 111-10 and 111-19. 
Plat inum boat 
F i l t e r  paper 

Precipitate and paper may be folded to f i t  into the 
boat. Th is  step converts BaS04 to BUS. 

Hydrogen sul f ide i s  generated. 

Protect from a i r  a t  a l l  t imes to prevent conversion 
of the sul f ide to sulfate or formation of BaCQ, 
in scrubber solution. 

Observe for precipitate in scrubber solut ion indi- 

Refer to  ORNL Master i4nalytical Manual (TID- 
cating sulfate or carbonate. 

7015), procedure No. 9 073381 1. 
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U N C L A S S I F I E D  
O R N L - D W G  64-3308 

NoOH 
SCRUBBEI 

SINTERED-GILASS FILTER 

J 
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SULFU 621-35 
(as Elemental Sulfur i n  Benzene) 

Production method: Conver s ion 

Process ing  yield: 80% 

Radiochemical purity: > 99% 

I .  Prepare iBaS by 3 5 ~  procedure, 

2. Prepare equipment. 

3. Load Bas into the reaction f lask to generate 
H,S. 

4. Add enough concentrated H,PO, to  the reac- 
t ion f lask t o  cover the boat containing BaS. 
Sweep with helium ut a f low rote of “ 1  ml/min. 

5. Valve of f  reaction f lask a t  the completion of 
the H,S generation. 

to release H2S t o  the gas receiver. 
ti. Evacuate the H,s gas receiver and warm trap 

7. Recycle H,S. 

8. Repeat recycle un t i l  a l l  H2S i s  decomposed t o  
elemental sulfur. 

9. Wash elemental sulfur from arc chamber and 
electrodes w i th  warm benzene and transfer to 
product bottle. 

10. Sample and analyze for: 
3 5 ~  concentration 
Radiochemical puri ty 

Half-life: 89.0 days  

Radiations : 

Beta Gamma 

0.167 None 

Process ing  facility and  shielding tequired: hot 
hood 

~~ __ 

See Ba35S procedure, steps 1 to 4. 
See F ig .  111-20. 
100-ml product bott le 

The H2S generated i s  transferred to o cold trap 
maintained at l iquid-nitrogen temperature, where 
the H,S i s  collected. 

Cold trap i s  isolated. 

Residual M,O I n d  H3PQ, remain in  trap. 

Note: Conversion to elemental sulfur depends 
upon decomposition o f  the H,S in a glow dis- 
charge formed between two platinum electrodes 
in  o low-pressure chamber. A Tesla co i l  i s  used 
CIS a high-voltage power supply. 

The chamber i s  maintained a t  low pressure by 
pumping w i th  a high vacuum pump. A cold trap 
is  instol led between the pump and chamber to  re- 
cover H,S that i s  not decomposed i n  the arc 
c ham ber . 

Elemental sulfur col lects on the sides af the arc 
chamber and on the electrodes. Hydrogen sulf ide 
gas col lected in cold trap between chamber and 
pump i s  recycled back t o  the gas receiver by 
evacuating the receiver arid worming the cold 
trap. 

Refer to ORNL Master Analytical Manual (TID- 
7015), procedure Na. 9 073381 1. 
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Fig.  111-20. Elementol 35S Conversion Equipment. 
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Production method: 

Cross  section: 

Target: 

Target weight: 

Neutron flux: 

Irradiation time: 

Reactor yield: 

Processing yield: 

Radiochemical purity: 

TANTALUM-182 

'Ta(n,y) 2Ta Half-life: 

21 barns Radiations:  

Tantalum metal Beta  

10 mg 0.525 

2 1014 
neutrons cm- '  sec- ' 

1 year 

1.2 cur ies  

>60% 

>99% 

115.1 days 

Gamma 

0.066 

0.152 

0.222 

1.223 

P rocess ing  facility and shielding required: 
manipulator cell, 4 in. lead equivalent 

1. Prepare equipment. 100-ml platinum dish 
150-ml Pyrex beaker 
Hot off-gas scrubber un i t  (Fig. 111-3) 
Tube furnace (Fig. 111-10) 
60-mm f i l ter ing funnel 
100-ml polyethylene product bott le 
Whatman No. 40 f i l ter  paper 

2 Open irradiation can and transfer target into a 
platinum dish under hot off-gas scrubber 
assembly. 

3. Cover target material w i t h  a t  least ten  times 
i t s  weight of anhydrous K,CO,. 

4. Transfer the  d ish  in to  furnace, ra ise the tem- 
perature to  1000°C, and fuse for 1 hr. 

5. Cool melt and dissolve i n  -50 m l  of 1 M KOH. 

See opening procedure, p. 12. 

L o w  heat and agitation increase the rate of 
dissolution. 

6. F i l te r  through paper. 

7. Adiust volume to  50 ml of 1 M KOH solution 
and transfer to polyethylene bottle. 

Product solut ion should be clear and water-white. 

8. Sample and analyze for: 
Normality o f  KOH 
Tota l  so l ids '* 'Ta concentration 
Radiochemical pur i ty  

Refer to ORNL Master Analytical  Manual (TID- 
7015), procedure No. 9 0733821. 
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THALLIUM-204 

Production method: 

Cross section: 

Target: 

Target weight: 

Neutron flux: 

Irradiation t ime:  

Reactor yield: 

Process ing  yield: 

Radioch e m  ic a1 purity: 

2 0  3 ~ 1 ( ~ , ~ ) 2 0  4 ~ 1  Half-life: 3.57 years  

11 barns Radiations: 

Thallium metal Beta Gamma Other 

10 g 0.765 (-98%) None EC (-2%) 

2 x  1014 Process ing  facility and shielding required: 
manipulator cell or hot hood equipped with hot 
off-gas faci l i t ies ,  2 in. lead equivalent 

neutrons c m - '  sec-' 

2 years  

12 cur ies  

>90% 

>99% 

1. Prepare equipment. 

2. Open irradiat ion can and transfer target into 
a beaker under hot off-gas scrubber assembly. 

near boiling. Add 16 M HN0,dropwise to 
dissolve the target. 

transfer to  100-ml product bottle. 

3. Cover target w i th  d is t i l l ed  H,O and heat to  

4. Adiust volume to 50 ml of  3 il.I HNO, and 

5. Sample and analyze for: 
Molari ty of HNO, 
Total sol ids 
2 0 4 ~ ~  concentration 
Radiochemical pur i ty 

Hot off-gas scrubber uni t  (Fig. 111-3) 
150-ml Pyrex beaker 
100-ml product bott le 

See opening procedure, p. 12. 

Product solution should be water-white. 
If it i s  not, f i l ter  through medium sinteredoglass 
f i  Iter. 

Refer to ORNL Master Analytical Manual (TID- 
7015), procedure No. 9 0733861. 
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T HUhlUM- 170 

Production method: 

Cross section: 

Target: 

Target weight : 

Neutron flux: 

Irradiation t ime:  

Reactor yield: 

Processing yield: 

Radiochemical purity: 

._..._.._....... ~ 

1. Prepare equipment. 

9Tm(a ,  y )  ' OTru 

125 barns 

'I'm 2O 

0.2 g 

-2 x 1014 

-60 weeks 

-120 cur ies  

>95% 

neutrons sec 

99% ( "'Tm also 
present) 

Half-life: 129 days  

Radiations: 

Beta  Gamrn a 

0.968 (76%) 

0.884 (24%) 

0.084 (from IT in '"Yb 
daughter) 

1 

Process ing  facility and shielding required: 
manipulator cell, -S in. lead equivalent 

Hot off-gas scrubber tinit (Fig.  111-3) 
150-ml Pyrex beaker 
100-rnl product bottle 

2. Open irradiation can and transfer contents 
to beaker under hot off-gas scrubber assembly. 

3. Add -10 ml of 12 M WCI to dissolve target. 

4. Adjust volume to 50 ml  with dist i l led H,O and 
transfer to product bottle. 

See opening procedure, p. 12. 

Heat  as  necessary to dissolve target completely. 

Solution should be clear and slightly green. 

5. Sample and analyze for: 
Molarity of HCI 
Total  solids 
17'Tin concentration 
Radiochemical purity 

Refer to ORNL Master Analytical Manual (TID- 
7015), procedure Nos. 9 0732005, 9 002302, 
and 9 0733002. 
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TIN-1 13 

Production method: 

Cross  sect ion:  

Target:  

Target weight: 

Neutron flux: 

Irradiation time: 

Reactor yield: 

Process ing  yield: 

Radiochemical purity: 

1 1 2  Sn(n,y) l13sn 

1.3 barns 

Tin foil 

10 g 

2 x  i o 1 4  

neutrons c m - 2  sec- 

1 year 

1 curie  

>90% 

;99% (exclusive of 
13mIn daughter) 

Half-life: 119 days  

Radiations: 

Beta  Gamma Other 

None 0.393 EC 

Process ing  facility and shielding required: 
manipulator cell, 6 in. lead equivalent 1 

1. Prepare equipment. 

2. Open irradiation can and transfer target to  a 
d is t i l l a t ion  f lask f i t ted w i th  ref lux condenser. 

3. Add 10 to  12 mi of co ld  12 M HCI through 
separatory funnel - 

4. Transfer solut ion from f lask to  beaker and 
adjust volume to  3 t o  4 M MCI wi th  d is t i l l ed  
water. 

5. Prepare column of 30-mesh t i n  metal, wash tin 
wi th  4 M  HCI and then w i th  H,Q. 

6. Pass  dissolved target solution through tin 
column. 

7. Col lect  eff luent from column. 

8. Rinse column wi th  one column volume of H,O. 
9. Combine solutions from steps 7 and 8 and 

transfer t o  product bottle. 

10. Sample and analyze for: 
Molari ty of HCI 
'13sn Concentration 
Radiochemical puri ty 
Total tin 

200-ml dis t i l la t ion equipment f i t ted w i th  ref lux con- 

T in - f i l l ed  column (Fig.  111-21) 
Three 150-ml Pyrex beakers 
100-rnl product bott le 

See opening procedure, p. 12. 

denser (Fig. 111-2) 

T i n  target requires -8 hr to dissolve. 

Use f lask r inse for di lut ion. 

Th is  step removes 125Sb and 125Te. 

Solution contains l 1  3 ~ n .  

Refer to  OKNZ, Mnster Analytical Manus1 (TID- 
7015), procedure No. 9 0733891. 
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TUNGSTEN- 185 

Production method: 

Cross section: 

Target : 

Target weight: 

Neutron flux: 

Irradiation t i m e :  

Reactor yield: 

Process ing  yield: 

Radiochemical purity:  

184W(fl,y) * s 5 w  Half-life: 75.8 days  

2 2  barns Radiations: 

Beta Gamma W0 3 

100 m g  0.428 None 

2 x 10 l 4  Process ing  facility and shielding required: 
neutrons c m " ~  sec- manipulator cell, 3 in. lead equivalent 

1 year  

800 m c  

>9 5% 

>99% 

1. Prepare equipment. Hot off-gas scrubber unit  (Fig. 111-3) 
150-ml Pyrex beaker 
100-rnl product bott le 

2. Open irradiat ion can and transfer target material 
in to  beaker under hot off-gas scrubber assembly. 

3. Dissolve target i n  minimum amount of csncen- 
trated NH,OH and 5 ml of 5% K,CO,. 

transfer t o  product bottle. 

See opening procedure, p. 12. 

Warm but do not boil. 

4. Adiust volume to  50 ml  with d is t i l l ed  H,O and 

5. Sample and analyze for: 

Product solut ion should be water-white. 

Refer to ORNL Master Analytical Msnual (TID- 
Molari ty o f  ",OH 
Total solids 
Radiochemica I pur i ty  
'*'w concentration 
" ' w  concentration 

7015), procedure No. 9 073391 1. 
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TUNGSTEN- 187 

Production method: 

Cross  section: 

Target: 

Target weight: 

Neutron flux: 

Irradiation t ime:  

Reactor yield: 

Processing yield: 

Radiochemical purity: 

186W(n,y)’87W Half-life: 24.0 hr 

40 barns Radiations:  

Beta  Gamma 

50 mg 0.63 (70%) 0.072 

1 1013 1.33 (30%) 0.480 

0.780 

wo 3 

neutrons c m - ’  sec-’ 

60 hr 

400 nic  

>95% 

>98% 

Process ing  facility and shielding required: 
manipulator cel l ,  2 in. lead equivalent 

1. Prepare equipment. Hot off-gas scrubber un i t  (Fig. 111-3) 
100-ml product bott le 
150-ml Pyrex beaker 

2. Open irradiation can and transfer target into 
beaker under hot off-gas scrubber assembly. 

3. Add suff icient 1 M KOH solution to  beaker to  
cover sample and heat gently unt i l  dissolved. 

4. Adjust volume to 50 rnl with 1 M KOH solut ion 
and transfer to  product bottle. 

See opening procedure, p. 12. 

Solution should be clear and water-white. 

5. Sample and analyze for: 
Molari ty of KOH 
Total sol ids 
” 7~ concentration 
Radiochemical puri ty 

Refer to ORNL Master Analytical Manual (TID- 
7015), procedure No. 9 0733912. 
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XENON-133 

Production method: 

F iss ion  yield: 

Target: 

Irradiat ion time: 

Radiochemical purity: 

F i s s i o n  Half- l i fe: 5.27 days 

6.5% Radiations: 

U-A1 al loy Beta Gamma 

4 weeks 0.345 (100%) 0.081 (100%) 

>99%; contains trace 
quanti t ies of atmos- 
pheric gases, 85Kr, 

' 3 s S ~ ,  and 131m2Xe. 

Processing fac i l i t y  and sh ie ld ing required: 
remote f ixed equipment, 3 in. lead equivalent 

Source of Material 

Xenon-133 i s  released from the U-AI r ing used for 
the production of 1311 when the aluminum i s  dis- 
solved. The l3lI equipment and the 133Xe equip- 
ment are connected so that  the ' 33Xe may be 
trapped and purified. 

Processing 

1. Prepare equipment. 

2 Open va lve 1 from l3lI cell. By-pass char- 
coal columns ? and 2 and storage vessel by 
opening valves 2, 4, 9, 12, and 14. Turn on 
vacuum pump. Maintain vacuum of 5 in. H,O 
on l3lI dissolver. 

3. Begin KaOH dissolut ion o f  U-AI ring. Heat 
dissolver to  boil ing. 

4. Keep a close check on ion chamber reading. 
Soon after dissolver reaches 100°C, 133Xe 
w i l l  begin t o  show on the ion chamber. 

5. As soon as the 133Xe act iv i ty  reaches -20% 
on scale 5 (most sensit ive scale), open 
column in le t  and out le t  valves (5,6) and 
close column 1 bypass (4). Begin sorbing 
1 3 3 ~ e  on previously cooled column I .  

6. About every 15 min, momentarily open column 
1 bypass (4) and toke reading on ion chamber. 
Record. 

7. Stop trapping when ion chamber drops to "20% 
on scale 5. 

8. Shut o f f  vacuum pump. Close valves 1 and 2 
t o  dissolver. Drain l iqu id  N, from column 1 
Dewar flask. Open column 2 bypass (9). 
Leave valves 12 and 14 open. Open va lve 13. 
Allow column 1 t o  warm up. While warming, 
begin a 5-cfrn hel ium flow through column 1 by 
opening valve 3. 

Fixed equipment (Fig. 111-22) 

See l3 l I  procedure, step 6. 

Coluiiin 1 i s  cooled to approximately -200°C with 
l iqu id  N,. Charcoul columns must be kept below 
-50°C to ensure 1 3 3 X e  sorption. 

The amount of 133Xe being evolved from the a l loy 
r ing i s  determined by this step. 

One hour i s  usually required for the bulk of the 
133Xe to  be evolved, 

Hel ium w i l l  elute any air, CO,, H,, and some 
nitrogen oxides whi le  column 1 i s  worming up, 
thus beginning the 133Xe purif ication. Xenon-133 
does not begin to elute unt i l  the charcool i s  a 
few degrees below O°C. 
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9. Cool column 2 to -200°C. 
10, Watch the ion chamber c losely  as the tempera- 

ture of column 1 nears 0°C. When the ion 
chamber reading reaches -20% on scale 5, 
open column 2 inlet and outlet valves (8, 10) 
and close bypass (9). 

11. At intervals of about 15 min, momentarily 
open column 2 bypass (9) and take an ion 
chamber reading. Record. 

12. Stop elution when ion chamber drops t o  about 
20% on scale 5. 

13. Shut o f f  helium. Close valve 3. Close off 
column 1 (5, 6). Close valves 8 and 9. Drain 
l iqu id  N, from column 2 Dewar flask. Watch 
column 2 temperature c losely  as it warms. 

14. Close valve 13. Open valves 7 and 11. Turn 
on vacuum pump and pump storage tank cold 
trap and column 2 down to -50 to  60 p. Add 
l iqu id  N, to storage tank Dewar flask. Add 
l iqu id  N, to  cold trap Dewar. 

15. When storage tank i s  pumped down to -50 to 
60 p,  close valves 7 and 11. Continue pump- 
ing on column 2. 

16. When the temperature of column 2 approaches 
-20"C, c losely  watch ion chamber reading. 
When the ion chamber shows an act iv i ty  of 
-40 to  50% on scale 5, c lose valve 12 and 
open valve 11. 

17. While the 133Xe i s  condensing on the storage 
tank walls, the f low is not through the ion 
chamber. However, i t  i s  dead-ended in the 
header and open to some 133Xe activity. To 
determine when the pressure i n  the storage 
tank reaches the point when no more 133Xe i s  
condensing out, c lose the discharge va lve from 
column 2. 

1%. When the storage tank stops condensing out 
133Xe, close valve 11. After about 5 min, 
open valve 7 and pump the storage tank as 
low as it w i l l  go, f i r s t  making sure i t i s  
approximately -200°C. Close valve 7. 

19. Open valve 11 and condense out more 133Xe 
in  storage tank. 

20. Repeat steps 18 and 19 unt i l  a l l  133Xe i s  o f f  
column 2. 

21. Close valves 9, 11, and 7. 

Begin trapping 133Xe on column 2. 

The amount of 133Xe being eluted i s  determined. 

From 2 t o  2Y2 hr are required to elute the 133Xe 
from column 1 to  column 2. 

Cool to  approximately -200°C. 

Begin condensing 133Xe on wal ls  of storage tank. 

If the storage tank i s  s t i l l  condensing out 133Xe, 
the ion chamber reading in  the header w i l l  drop. 

The waiting period ensures that a l l  gaseous 133Xe 
i s  condensed out. 

F i v e  to s ix  alternate pumpings and condensations 
may be necessary. 

Xenon-133 in storage tank is of product quality and 
ready for shipment. 
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22. Using the volume of the header, the ion 
chamber reading, and the header pressure 
(as indicated by pressure gage P-2), fill 
customer's container to desired concentration 
by connecting it to  the system at valve 15 
and pumping it down whi le  cool ing with 
l iqu id  N,. This al lows the  133Xe from the 
header to  condense into the container. 

The volume of the header between valves 12 and 9 
and 10 and 1 1  i s  known. The ion chamber i n  the 
header has been calibrated so that when the 
storage tank i s  at room temperature and opened 
to the previously evacuated header, a factor con 
be used which w i l l  convert the ion chamber 
reading to the number of curies of 133Xe in the 
header. 

UNCLASSIFIED 
OR N L- DWG 64- 33 t 0 

LOADING STATION FOR 
cu STO M ERS CONTAINER 

He 

Fig. 111-22. Flow Diagram for 133Xe Purification. 





Production method: Fission, separated Half-life: 64.4 hr  

Rad ia t ims :  from " ~ r  

8 --t 

28Y 

90sr -3 90y Beta GRnlma 

2.18 None 

Fiss ion yield: 5.9% Processing facility and shielding required: 

Radiochemical purity: 99.9% manipulator cell, 6 in. lead equivalent 

1. 

2, 

3" 

4. 

5. 

6. 

7. 
8. 

9. 

10. 
11. 

12. 

13. 

Prepare equipment. 

Equil ibrate 25 rn! of di-2(ethylhexyl) phosphoric 
P) (10 rnl  HDEMP and 115 mi 
with 25 ml o f  41.1 hi' HCI by 

manually shaking together in 
funnel. S w e  organic phase. 
phase. 

Add 25 m i  of 0.1 M Hlci solut ion of 90sr-90Y 
to the 25 ml of organic phase in separatosy 
fu?lnP!. 

LE$ QhaSes S!2HlE" O u t ,  

MCTPluallrg §hake miXfUR? for -5 ??lina 

tde. Save. 

Wash argonic phase four times with 25 ml o f  
0.1 #l/I HCl each time. Shake h n n e ! .  Allaw to  
setPBe and drain off  aqueous phase into same 
bott le from step 4 each t ime .  

Add 25 m l  of 6 M HCI to funnel. Shake for 
-5 min. Se*!e. Draw off aqueous phase. 

Repeat step 6. Discard organic phase. 

Boil down aqueous solut ion to dryness .  
Adjust volrsme t o  25 m %  with 0.1 M HC1. 
Use new glassware, orad repeat steps 2 

Fume twice with 25 ml of concentrated Hb.l 

Fume twice wi th  concentrated 

through 8. 

Adjust  volume t o  25 ml wi th  1.8 M HCI and 
transfer to 106-ml product bottle. 

Sample and analyze for: 
' O Y  concentration 
Total solids 
Molari ty of H I %  
" 5 ,  concentration 
Heavy metals 

100-nil sepuratory funnel 
Two 250-ml Pyrex beakers 
Two 158-ml Pyrex beakers 
Hot plate 
Ten IOO-ml product bott les 

Th is  step adiusts ac id i ty  of HUEHP to.-bO.l M 
HCI. 

Yttrium-90 extracts into otgon i c  phase and 90Sr 
into aqueous phase, See 9 0 ~ r  procedure for 
preparation of " s ,  feed solution. 

Organic phase contains 9*Y  and some 90Sr 

Washing removes most  of "Sr contaminant. Save 
bott le with original separation p l u s  vmshes. 
This  can be used after two to three weeks for 
another 9 0 ~  separation after ' O Y  appears aguin. 

con tarn i r i  ati on. 

Aqueous soliution contains most  of 90Y. 

Th is  removes remainder of 90Y. 
This removes mid .  

T h e  90Sr conturninant i s  further reduced. 

Organic mutter i s  destroyed. 

Yttrium-70 is  converted t o  90YCI, a n d  HNQ, 
removed. 

Refer to ORNL, Master Analytical Manual (TID- 
7015), procedure No. 9 0733960. 
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Y TTRIUM-91, PROMETH IUM-147, NEODY MIUM-147, PRASEODY MIUM-143, AND CERl UM-141 AND -1  44 

Product ion method: F iss ion  

Fiss ion yield: 'Y 5.9% 
147Pm 2 6 %  
147Nd 2.6% 
143Pr 6.2% 
14'Ce 6.0% 
' 4 4 C e  6.1% 

Target: U-A1 alloy 

Irradiation time: 4 weeks 

Radiochemical purity: 'Y 99% 
1 4 ' p m  .99% 
147Nd >98% 
143Pr >98% 
' 'Ce >99% (exclusive 

of 144Ce  and 144Pr) 
' 4 4 ~ e  >99% (exclusive 
of 141Ce) 

FIalf-life: 'Y 59.1 days  
7Prn 2.5 years  

147Nd 11.06 days  
143Pr 13.7 days  
l 4  'Ce 32.5 days 
'44Ce 285 days 

Radiations:  

Isotope Beta Gamma 

'Y 0.33 
1.537 
0.223 
0.38 (- 25%) 
0.60 (-15%) 
0.83 (-60%) 
0.932 
0.442 (67%) 
0.581 (33%) 
0.17 (30%) 
0.3 (70%) 

1 4  7 P r n  

7Nd 

1 4 3 ~ r  
l 4  lee 

4 ~ e  

1.22 (0.3%) 

None 
0.091 (27%) 
0.227 (1%) 
0.553 (13%) 
None 
0.145 (67%) 

0.034 (weak) 
0.054 (weak) 
0.135 (strong) 

P rocess ing  facil i ty and shielding required: 
manipulator cel l ,  8 in. lead equivalent, minimum 

.. ... . .- --. -~ .......... 

1. 

2. 

3. 

4. 

5. 

Prepare equipment. 

Boil f i l t ra te  from 140Ba-89Sr fuming n i t r i c  
ac id  precipitation containing -65% MNQ, 
to dryness. 

Adjust volume to 100 ml wi th  -0.5 M HCI. 
Add to  the solution 100 rng o f  lanthanum as 
LaCI, or  La(NO,),. 

Add oxal ic ac id  crystals (whi le  agitating) 
unt i l  precipitate appears. Fi l ter. Discard 
f i I tra te. 

Dissolve precipitate in  concentrated "8,. 
Fume to dryness unt i l  no precipitate forms 
when d is t i l l ed  H,O i s  added. 

Hot  off-gas scrubber un i t  (Fig. 111-3) 
Water-iacketed ion exchonge column (Fig, 111-7) 
F i v e  small ion exchange columns (Fig. 111-21) 
Six 500-mI Pyrex beakers 
Twenty-five 100-ml product bott les 
Electrometer with long lead ion chamber 
F ive  sintered-glass funnels 
1000-ml vacuum flask 

N i t r i c  ac id  i s  removed. See 140Ba=89Sr procedure, 
step 3. 

Lanthanum i s  added as carrier for oxalate precipi- 
tat i  on 

Precipitate i s  lanthanum plus short-l ived rare 
earth oxalates and traces of other ions. 

Rare earth oxalates are d i f f i cu l t  to  destroy. 
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6. Take up Lo(NO,), in 0.1 M HCI. Sorb onto 
hydrogen-form Dowex 50W-X4 (-70 4 0  mesh) 
resin i n  a 15-mm by 18-in. column a t  full f low 
rate. Arrange discharge l i n e  from column to 
pass through ion chamber. 

7. Wash column wi th  150 rnl of d is t i l l ed  H,O. 

8. Elute column wi th  degassed 0.2 M c i t r i c  ac id  
buffered at pH 2.8 to  2.9 at  rate o f  1 drop per 
3 sec. Introduce water a t  80°C into column 
jacket 1 hr after start o f  elution. 

9. Col lect  108-rnl fractions. When ion chamber 
shows that f i rs t  peak is being eluted from 
column, co l lect  in new bottle. When peak i s  
gone, change again. 

10. Continue elution. When second peak begins, 
change (IS i n  step 9. 

peak. 
11. Continue elution. Change bott les for th i rd  

12 Continue changing bott les as they fill. 

13. Continua elution. Change fract ion bott les 
for f i f th peak. 

14 Stop column flow. 

15. Sample a fract ion ob each peak. Determine 
which fract ions of each peak are pure. 

la Prepare f ive columns 10 mm x 5 in. Fi l l  wi th  
hydrogen-form Dowex 58W-X4 resin. 

17. ~o the fractions of 9 1 ~  add 1.5 ml of cancen- 
trated HCli per 1 rnl of fraction. Agitate and 
d i lu te  to 400 m l  wi th  d is t i l l ed  H,O. Add t o  
small 9 1 Y  column. Wash column with 500 ml 
of d is t i l l ed  H,O, 

with 50 ml of d is t i l l ed  H,O. Col lect  in new 
vessel. 

o i l  "Y-HN03 solut ion to  dryness,  fume 
tw ice  wi th  concentrated HNQ,, and fume 
tw ice  w i th  concentrated HCI. 

20. Toke up i n  1.0 M HCI for sampling and 
st or a9 e. 

18. Add 100 mi of 3 i l l  "8 ,  to C O ~ U ~ T I ~ .  Wash 

F l a t  res in  top ensures good band formation during 
loading. Ion chamber i s  used to  monitor act iv i ty  
peaks. The peak which may appear during ab- 
sorption i s  due to traces of 103-106Rut 95Zr-  

I etc., which are carried wi th  
lanthanum oxalate. 

95Nb, 1 3 4 -  1 3 7 ~ ~  

Disregard peak. 

Boi l ing  removes dissolved a i r  from c i t r i c  acid 
solution. Dissolved air in column must be swept 
out by degassed eluant before heating column. 

F i r s t  peak i s  91Y.  

Second peak i s  147014EPm. 

Thi rd  peak i s  '47Nd. There may or may not be a 
a peak on the ion chamber for the next element 
eluted. Th is  w i l l  depend on the amount of 
act iv i ty  loaded. 

Fourth peak (very smull)  i s  143Pr. Th is  rodioiso- 
tope i s  a pure beta emitter and i s  d i f f i cu l t  to  see 
on the electrometer ion gage. 

Fifth peak i s  '410144Ce. 

The only remaining element i s  140La with stable 

The 147Nd, 143Pr, 141,144Ce must be careful ly 

coir i er . 

atiulyzed since 1 4 3 P r  i s  a soft beta emitter and 
may be hidden by the other act ivi t ies. 

These columns are used to concentrate each o f  the 
f ive elements (Fig. 111-21). 

Hydrochloric ac id  breaks c i t r i c P  'Y  complex and 
permits 9 1 Y  to  sorb onto resin. The wash re- 
moves c i t r i c  acid, 

Yttr ium i s  stripped from resin. 

Th is  step destroys organic compounds and con- 
verts 9 1 Y  to chloride. 
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21. 

22 

Repeat steps 17 through 20 for each of the 
fractions of the other four peaks. 

Sample each purified fraction and analyze 
for: 

The 147Prn, 1 4 7 N d ,  143Pin, and 141 ,144Ce products 
are obtained. 

7015), procedure Nos. 91Yl 9 0733961; 147Pin, 
9 0733661; 147Nd, 9 0733511; 143Pr, 9 0733661; 
and 1410144Ce 9 0733181. 

Refer to  ORNL Master Analytical Manual (TID- 

Molarity of HCI 
Concentration of desired act iv i ty  
Radioc hemical purity 
Gross alpha 
Total  solids 
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ZINC-65 

Production method: 

Cross section: 

Target: 

Target weight: 

Neutron flux: 

Irradiation t ine:  

Reactor yield: 

Processing yield: 

Radiochemical purity : 

1. Prepare equipment. 

6 4 ~ n ( n , y ) 6 5 ~ n  Half-life: 246.4 days  

0.47 barn Radiations : 

Zinc m e t a l  Bet.a Other Gamma 

1 g  0.325 P+(2..5%) 1.12 (51%) EC (97.5%) 

2 x  1014 Processing facility and shielding required: 
manipulator cell, 4 in. lead equivalent neutrons c m - '  sec-' 

2.5 years  

13 curies  

>95% 

>99% 
____.......__..... __ ~ . 

Hot  off-gas scrubber un i t  (Fig. 111-3) 
150-ml Pyrex beaker 
100-mI product bott le 

2. Open irradiat ion can and transfer sample in to  
beaker containing 10 m! of d is t i l l ed  H,O. Add 
-10 ml of 1 to 2 M HCI, place beaker under hot 
off-gas scrubber assembly, and heat gently 
unt i l  a l l  z inc is dissolved. 

3. Adjust volume to  50 ml o f  1 M HCl and transfer 
to product bottle. 

See opening procedure, p. 12. 
Do not use concentrated HCI because reaction 
may become violent. 

4. Sample and analyze for: Refer to ORNL Master Analytical itanual (TID- 
Molari ty of HCI 
Total sol ids 
6 5 ~ n  concentration 
Rad iochemic a1 purity 

7015), procedure No. 9 0733971. 
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ZI RCON IUM-95-NIO BIUM-95 

Production method: Fission Half-life: 95Zr 65 days 
95Nb 35 days  

,fl+ 
95%r --+ 95Nb Radiations:  

6 5 d  

Fission yield: 95zr 6.4% 

Target : U-A1 alloy 

Radiochemical purity: >97% 

Is0 tope Beta 

5Zr 0.364 (54%) 
0.396 (43%) 
0.883 (3%) 

5Nb 0.160 

Process ing  facility and shielding required: 
manipulator ce l l ,  6 in. lead equivalent 

I. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 
10. 

Gamma 

0.722 
0.754 

0.745 

Prepare equipment. 

Prepare 1-in. by 1-ft column with 5 in. of 
d is t i l l ed  H20-washed s i l i c a  gel. 

Add uranyl nitrate solut ion to column (as 
described i n  140Ba-89Sr procedure, but prior 
to  the TBP extraction o f  the U and Pu) 
adjusted to 5 t o  5 M "0,. Adjust f low rate 
to  2 to 3 drops/min. 

Wash column wi th  150 to 200 ml of 1.5 M 
"0,. 

Wash column wi th  100 ml of d i s t i l l e d  H,O 
to  remove excess acid. 

Add 150 ml of 5% oxal ic  acid t o  column. Dis-  
charge at a slow rate unti l  column i s  dry. 
Wash wi th  an additional 50 ml more of 5% 
oxal ic  ac id  solution. 

Fil l  1-in. by 1-ft column wi th  -56 +IO0 mesh, 
hydrogen-form Dowex 5OW-X12 resin. 

Add oxal ic  ac id  solut ion containing Zr-Nb t o  
column. Regulate f low to 2 to  3 drops per 
min. When column goes dry, wash wi th  50 ml 
more of oxal ic  acid. 

Col lect  solut ion from res in column as product. 

Sample and analyze for: 
9 5 Z r - 9 5 ~ b  concentration 
Radiochemical puri ty 

Two ion exchange columns (Fig. 111-7) 
Ten 100-ml product bott les 
Two 500-ml Pyrex beakers 

T h i s  sorbs 95Zr-95Nb. I f  f low i s  much faster, 
Zr-Nb w i l l  break through. See 140Ba-89Sr 
procedure. 

This  step removes most of occluded uranium. 
Save solution and washes from column for proc- 
essing for other radioisotopes. 

Th is  step strips Zr-Nb from s i l i ca  gel. 

Resin retains a l l  cations; Zr-Nb i s  complexed with 
oxal ic  oc id  and passes through column with 
eluant. 

Refer to OF", Master Analytical Manual (TID 
7015), procedure No. 9 0733983. 





IV. Storage and Shipment of Radioisotopes 

In general, af ter  processing, radioisotopes a re  T h i s  sec t ion  descr ibes  the area, explains  routine 
transferred to the packaging area for sampling, procedures in shipment and inventory, and dis- 
analysis ,  s torage,  and shipment. Most of t h e s e  c u s s e s  ORNL shipping containers.  Isotopes 
operations take  place behind a common, shielded 
area; a few low-level products are  s toredouts ide of 
th i s  barrier. 

produced at ORNL are  l is ted in Table  IV-1. 

TABLE IV-1. Radioisotopes Produced - Listed by Half-Life 

Half-Life Radioisotope Xadiation 

24.2 s 

30 s 

72 s 

2.6 m 

17.5 m 

12.47 h 

12.5 h 

12.82 h 

13.6 h 

14.1 h 

15.05 h 

19.0 h 

19.2 h 

24.0 h 

24.0 h 

26.8 h 

35.55 h 

38.7 h 

40.3 h 

46.8 11 

53.5 h 

64.4 h 

64.8 h 

65  h 

Silver-110 

Rhodium- 1OG (Ru lo6) 

Indium- 114 

Barium-137m (Cs 13') 

Praseodymium- 144 

Potassium-42 

Iodine-130 

Copper-61 

Palladium- 109 

Gallium-72 

Sodium-24 

Iridium-194 

Praseodyrri iuxn- 142 

Mercury-197m2 

Tungsten- 187 

Arsenic-76 

Bromine-82 

Arsenic-77 

Lanthanum- 140 

Samarium- 153 

Cadmium- 115 

Yttrium-90 

Gold- 198 

Mercury- 197 

Half-Life Radioisotope 

.... . ._. 

66  h 

67 h 

75.4 h 

88.9 h 

4.53 d 

5.00 d 

5.27 d 

7.5 d 

8.05 d 

11.06 d 

12.0 d 

128 d 

13.7 d 

14.3 d 

16 d 

18.68 d 

27.8 d 

325 d 

34.3 d 

35 d 

39.7 d 

43  d 

44.3 d 

44.6 d 

Antimony- 122 

Molybdenum-99 

Gold-199 

Rhenium- 186 

Calcium-47 

Bismuth-:! 10 

Xenon-133 

S i lve r - I l l  

Iodine- 13 1 

Neodymium- 147 

Barium- 13 1 

Barium-140 

Praseodymium-143 

Pliosphorus-32 

Osmium- 19 1 

Rubidium-86 

Chromium-5 1 

Cerium- 14 1 

Argon-37 . 
Niobium-95 

Ruthenium- 103 

Cadmium- 115m 

Iron-59 

Hafnium- 18 1 

Radiation 

169 
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Table IV-1. (continued) 

Half-Life Radioisotope Radiation Half-Life Radioisotope 

45.4 d 

50 d 

50.5 d 

57.4 a 

59.1 d 

60.9 d 

64  d 

65 d 

71.3 d 

74.2 d 

75.8 d 

84.2 d 

89 d 

115.1 d 

119 d 

119.9 d 

129 d 

165.1 d 

246.4 d 

249 d 

285 d 

Mercury- 20 3 

Indium- 114m 

Strontium-89 

Iodine-125 

Yttrium-9 1 

Antimony-124 

Strontiumi-85 

Zirconium-95 

Cobalt-58 

Iridium- 192 

Tungsten- 185 

Scandium-46 

Sulfur-35 

Tantalum- 182 

Tin-113 

Selenium-75 

Thulium- 170 

Calcium-45 

Zinc-65 

Silver-1 lorn 

Cerium-144 

371 d 

1.3 y 

2.07 y 

2.5 y 

2.78 y 

2.94 y 

3.57 y 

5.24 y 

7.5 y 

10.27 y 

12.46 y 

12.7 y 

16 Y 

28 Y 

29.6 y 

125 y 

5.57 x i o 3  

2 . 1 2 ~  lo5 

3.08 x lo5  

1.56 x lo7 

Ruthenium- 106 

Cadmium- 109 

Cesium- 134 

Promethium- 147 

Antimony- 125 

Iron-55 

Thallium-204 

Cobalt-60 

Barium-133 

Krypton-85 

Hydrogen-3 

Europium- 152 

Europium- 154 

Strontium-90 

Cesium- 137 

Nickel-63 

Carbon-14 

Technetium-99 

Chlorine-36 

Iodine-129 

DESCRIPTION OF AREA 

The  main shipping area is composed of the  
following sect ions:  (1) transient incoming and 
outgoing; (2) barricade and remote handling, in- 
cluding storage; (3) packaging; and (4) inspection. 
In addition, there  a re  off ices  and a decontamination 
sect ion for returned containers. A belt conveyor 
system and two cranes move packages and large 
containers within the  area. A floor plan is shown 
in Fig.  IV-1. 

INVENTORY 

Stock solut ions of radioisotopes are s tored for 
meeting future requirements only when half-life 

and needs  of consumers m e r i t  such  storage. Large 
amounts of extremely long-lived subs tances  or 
those requiring spec ia l  handling are either s tored 
elsewhere or further processed. 

Figure IV-2 is a view of the packaging area 
from the  transient sect ion,  and Fig. IV-3 from the 
decontamination area. When a processed radioiso- 
tope is received, the crane lifts the product sample 
carrier (or ca sk )  on the  conveyor system or through 
an overhead doorway (shown c losed  a t  top left of 
Fig. IV-2) into the  shielded facility. Once behind 
the barricade, the  isotope is removed, and the  
cask  is pulled out  again for decontamination. T h e  
product bot t le  is agitated, and a sample i s  taken 
for ana lys i s  before the  product bottle is transferred 
to the s torage a rea  (Fig. IV-4). After analysis ,  
da ta  a re  keyed t o  th i s  solution, 
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Fig. IV-2. V h w  frm Ttmsient Area. Radioisewe pockages for s 
possible contamination and radiation and than ore readied for delivery (right). 
tions we performed on an assembly-line basis. The pipetting station i s  shown at center. 

- 

The packaging and shipping opera- 

Fig. IV-3. View from Decontamination Area. In  foreground, various returnable containers are stored. At right, 
Movable conveyor, 

Storage tunnel wall i s  shown at extreme 
operator moves storage transfer tongs along barricade to pipetting station (right of center). 
packaging, and final checkout sections are shown i n  left half of photograph. 
I eft. 
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PHOTO 6 4 1 4  

Radioisotope product s~lution~ are stored a bottom drawer. Storage boeles may become amber 
&e to the effect of radiation on t he  glass, and in 
some cases, such  as for a and radiation, pto- 
vision must be made to release preseures that  
might develop owing to  radiodecomposition of the 
solution water. Access  is by use  of storage tongs 
equipped with mechanical hands. 

four-drawer lead chest.  b n p l y d  s e m p h  of 
stock a r e  retained for varying periods for verifica- 
tion of recorded values. Generally, the most  fte- 

quently used isotopes are  kept in the top drawer, 
the short-lived ones  in  the second, and the more 
penetrating emitters l ike  I3'Cs or 6oCo in  the 
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A coordinate index system of inventory showing 
sample, location, and da te  is used to account for 
a l l  stored materials. Detailed records a l so  are  
kept of amounts of solution and calculated decay 
each t ime  a shipment is made. An aliquot is 
calculated from the concentration of s tock solu- 
tion to  sh ip  a given activity. Th i s  amount is both 
relayed to the shipping operators and entered on an  
inventory shee t  for that  isotope. Calculations are  
facil i tated by u s e  of a book containing tables  of 
percentage of decay with time for each  isotope 
kept i n  storage. Activity (mc/ml) shipped is cal- 
culated on the  b a s i s  of dafe of arrival to requestor 
by multiplying the  activity on d a t e  of analysis  by 
the  percent activity remaining after Y days  of stor- 
age plus estimated shipping time. T h e  amount dis-  
persed, type of isotope, and remaining solution 
and s tock is doubly verified at the pipetting s ta-  
tion. Carrier recalculations are  a l s o  noted at 
time of shipment. 

The  longer an isotope is kept, the larger t he  
amount of solution needed to sh ip  a given activity, 
s ince  the activity concentration continually de- 
creases .  When activity finally decays  to unusable 
l eve l s  for a given isotope, the s tock material is 
discarded. 

PREPARING A SHIPMENT 

In routinely preparing a shipment from stock, an 
operator maneuvers the material behind the barri- 
cade  while viewing the operation through mirrors 
and high-density windows of zinc bromide solu- 
tion or spec ia l  glass. 

S i p p i n g  bot t les  (15 to 500 ml) are  prepared for 
u s e  by washing in  dis t i l led H,O, air  drying, and 
labeling. 

The  storage bottle is moved temporarily t o  a 
transfer area (Fig. IV-5) where a pipet is remotely 

Fig. IV-5. Loading (Pipetting) Station. 1 no operator at right withdraws the correct amount of radioisotope from 
the storoge bottle and transfers i t  to the shipping bottle. The operator at left then transfers the bottle to a shipping 
container. Individual pipets are maintained (not shown, but kept below operator at right) for each isotope in stock 
to prevent introduction of impurities. 
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operated t o  withdraw t h e  required amount of isotope 
and to  transfer i t  to  a shipping bottle. Tightly cap- 
ped, th i s  bottle is then placed in a protective con- 
tainer,  and the s torage bottle is then returned t o  
s torage while the  shipment i s  packaged (Fig. IV-2, 

left), inspected (Fig. IV-2, right), and shipped. A 
variety of containers  is used for t h e s e  shipments. 
The  radioactivity of the shipment determines the 
size of the protective carrier;  these  range from 
packages weighing a few pounds to several  tons.  
T h e  package is checked for poss ib le  radiation and 
contamination before being shipped. A close 
check on transportation schedules  is also main- 
tained, especial ly  for short-lived radioisotopes.  

regulations preclude all but very small amounts of 
activity being s e n t  by mail. All shipments a re  
made transportation collect, f.0.b. point of delivery 
t o  a common carrier. 

CONTAIN ERS 

Two types of containers  are  routinely used in  
making shipments  of radioactive materials: 30-day 
returnable, heavy lead-shielded shipping con- 
ta iners ,  which are s e n t  back to  ORNL; and non- 
returnable, light-weight containers,  which a re  used 
only for one shipment and a r e  not returned. 

About 90% of the shipments a re  made in dis- 
posable  fiberboard box containers. Many of 
t h e s e  shipments  are  made without the addition 
of any lead shielding; sometimes, however, lead 
sh ie lds  as  thick as 1 in. a re  used. The  type 
actually used is indicated on the packing l i s t  
which accompanies each shipment. Figure IV-6 
shows a typical non-returnable container for liquid 
shipments, and Fig. IV-7, a returnable container. 

METHODS OF SHIPMENT 

Generally, radioisotopes having half-lives l e s s  
than one week are  shipped by air; those  having 
half-lives longer than one  week a r e  shipped by 
Railway Express  or motor freight. Alternate 
methods of shipment are u s e d  upon request. P o s t a l  

STEEL 

Fig.  1'4-6. Typical  Nonreturnable Container for Liquid Shipments. Lead shielding, '/8 to 1 in. 
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STEEL 

Fig. IV-7. Typicol  Returnable Container for Liquid Shipments, L e a d  shielding, 1 to 3 in. 

Figure IV-8 is a recent displayof these  containers. 
There are severa l  other containers for liquid, 
solid,  and gas  shipments, and these  a re  described 
elsewhere. Table  IV-2 gives some of the  charac- 
te r i s t ics  of severa l  containers. 

Isotopes in gaseous form require spec ia l  handling 
and shipping containers. Procedures for t hese  
radioisotopes are described in Section 111. A 

returnable gas  shipping container is shown in 
Fig.  IV-9. 

The responsibility of ORNL for damage to 
shipments ends  when the shipment is delivered 
to a common carrier, and no claims for damages in 
transit  are considered by the Laboratory. 

‘Catalog of Radio and  Stable Zsofopes, April 1963, 
available from Isotopes Development Center, ORNL. 

When the nature of the material being supplied 
makes i t  impossible for a standard ORNL con- 
tainer t o  be  used, the customer supplies the con- 
tainer. T h e s e  must conform to  the ex is t ing  ICC, 

CAB, or Coas t  Guard regulations’ and must be 
compatible with O W L  equipment. 

*All shipments are made in conformance with the 
following Interstate Commerce Commission, U.S. Coas t  
Guard, and Civil  Aeronautics Board regulations: 

Handbook of Federal  Regulations Applying to Trans- 
portation of Radioactive Materials, U.S. Atomic Energy 
Commission, Washington. D.C.. May 1958. 
ZATA Regulations Relating to the Carriage of Res t r ic ted  
Articles by Air, Ninth Edition, i s sued  by International 
Air Transport Association, Terminal Centre Building, 
Montreal 3, Quebec. Canada, 1964. 
Tariff No. 15. Interstate Commerce Commission Regu- 
lations for Transportation of Explosives and Other 
Dangerous Articles by Land and Water in Rail  Freight 
Service and by Motor Vehicle Highway and Water In- 
cluding Specifications for Shipping Containers, Aug. 
23. 1963; a l so  see suppls. 1-9 of this  document. 



Table I V - 2  Selected Data on Containers Used in Shipping Rodioisotopes 

Maximum Activity 
To ta l  Weight Thickness Of Outside Dimensions Volume of _____ 

Typical Amocnt Lead of Box, i f  Used (in.) Bottle, i f  U s e d  (mlj Of 

Type of 
Container 

Type of Material Shipped 

Radioisotope (in.) Container (Ib) 

Nonreturnable Liquid, beta emitters and 32P 

s m a l l  amounts of gamma 

emitters 

13 lI 

Liquid, gamma emitters 

G a s e s  

Solids 

(service irradiations) 

Box and tin Toxic l iquids  

can disposable;  

steel cap  and 

key returnable 

1311 

5 9  
Fe 

" ~ r  

500 mc 

>500 mc 

>700 mc 

9 mc 

25 ?nc 

50 mc 

100 mc 

145 mc 

300 mc 

400 mc 

650 mc 

1.5 c 

10 mc 

up to 10 c 

13 mc 

26 mc 

5 mc 

10 mc 

I C  

2 c  

2.5 c 

None 

None 

Xone 

None 

None 

3 
4 

5, 

4 
/4 

$2 

' 8  

3 

3. 

1 

1 

1 

None 

1/ 
'4 

' 2  
1 

I 

4 
$2 

None 

None 

4j2 x 41; x 8 15. 25, 50, 1-2 

8 X 8 X 8  100, 200, 500 2-3 

1 2 x  12x 12 4 

8 x 8 ~ 8  3 

1 2 x  1 2 x  12 4 

8 x 8 ~ 8  

12x 1 2 x  12 

952x 9i;x 12 

Plywood box 

(5 x 5 x 16) 

8 x  8 x  8 

8 x 8 ~ 8  

12 x 12 x 12 

15, 25 

15, 25, 50, 100 

1, 5, 10, 25 

(glass ampules) 

Aluminum 

irradiation can 

15, 25, 50. 

100, 200 

10 

10 

16 

21 

20 

4-6 

6- 10 

7-11 
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Fig. IV-8. Display of Returnable (Right) and Nonreturnable (Left) Types of Containers in  Packaging Section. 
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UNCLASSIFIFD 
09NL LR-DWS !8741R 

VOID SPACE TO BE F l l l E O  WITH 
L E A 0  SHOT SHIELDING IF NECESSARY 

\ 

i 
\ , 

ACCESS FOR SAMPLING UNDER COVER /- 

FOR LEAK DETECTION PRIOR TO 
COVER R E M O V 4 I  

Fig.  IV-9. Returnable Gas Shipping Container. 

RADIATION FROM PACKAGED RADIOISOTOPES 

After radioactive material h a s  been placed in a 
shipping container,  i t  i s  checked for outs ide radia- 
tion t o  ensure that  t h e  package meets  regulations. 
These  rules  specify that there  m u s t  be no more 
than 200 mr/hr of radiation a t  the surface of the  
container and no  more than 10 mr/hr a t  1 m from 
the center  of t h e  package. Transferable  contamina- 
tion as  determined by wipes or smears ,  cannot 
exceed 500 dis/min of beta-gamma per 100 cm2  
and/or 30 dis/min of alpha per 100 c m 2 .  T h e  
radiation on t h e  surface of the package is usually 

measured with an instrument calibrated to  b e  
equivalent t o  the requirements of Tariff No. 15, 
Bureau of Explosives  Regulations. The  alpha 
smears  a re  measured with a scinti l lat ion-type 
alpha counter and the beta-gamma smears  with a 

thin-window Geiger-Mueller counter. T h e  values  
determined a t  the sur face  and a t  1 m from the 
center  of the container are entered under “Health 
P h y s i c s  Survey” on the  packing s h e e t  (Fig. IV-10) 
accompanying t h e  shipment. Copies  of th i s  form 
also are  used  for internal record for the  Atomic 
Energy Commission in shipments of interest  to tha t  
authority. 
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Processing of 

Two reactors a re  used for irradiation of targets  
a t  ORML, the Low Intensity Test Reactor (LI‘TK) 
and the  Oak Ridge Research Reactor (ORR). Prep-  
aration of targets  prior to irradiation and process-  
ing them afterward to  obtain radioproducts of a 
specif ied purity a re  done in a group of separa te ,  
essent ia l ly  ident ical  buildings that  a re  equipped 
with shielded ce l l s ,  remote handling equipment, 
glove boxes, and hoods. In.process or product 
radioisotopes are  analyzed,  s tored,  and prepared 
for shipment in a s ingle  building. Contaminated 
was tes  a re  discharged into a large central  disposal  
system. 

DESCRIPTION OF ORR 

T h e  ORXI‘ i s  t he  primary facility €or production 
of radioisotopes a t  ORNI.. It is generally more 
sui table  than the  I,ITR s ince  its higher flux per- 
m i t s  higher spec i f ic  ac t iv i t ies ,  smaller  amounts oE 
targets, or both. The  reactor is a source of both 
thermal and high-energy neutrons and is a water- 
cooled and modera ted  research reactor of the 
Materials Tes t ing  Keactor (ILITR) type. 

T h e  reactor character is t ics  of interest  to  the 
radioisotope program arc: 

Operating power (Mw) 30 

Fast-neutron flux Vaiies according t o  

position in latt ice;  

ranges from 10 to 

50% of thermal flnx 

(neutwns ani2 sec- ’ )  

Appendix A. Facilities for Production and 

18 3 

‘Isotopes and Radiation Technol. l(2): 130---135, 
(Winter, 1963--1964); T. E. Cole  and J. P. Gill, The 
Oak Ridge Natiorial Laboratory Research  Reacfor CORN), 
A general description, ORNL-2240 (.Jan. 21, 1957); 
J. A. Cox and T .  E. Cole, Proc. Intern. Conf, Peace- 
ful Uses At.  Energy,  2nd Geneva 10, 86 (1958). 

Radioisotopes 

Operating cycle (weeks)  ” 8  

Refueling cyc le  (days) 12 

Operating time (7%) -’ 80 

- 4  per month (av) Unscheduled shutdown 

frequency 

Gamma heating (w/g) 3-10 (depending on 

material and lat-tice 

position) 

R R  Irradiation Facil i t ies .  - Figure A-1  shows 
the reactor core tank, the  poolside irradiation 
faci l i t ies ,  and the  engineering t e s t  fac i l i t i es .  

The irradiation faci l i t ies  avai lable  for use by 
the  Isotopes Development Center a re  shown i n  a 
typical l a t t i ce  pattern i n  Fig.  A-2. Access is 
through tubes (V-1, V-2, etc.) i n  flanges in the  
reactor tank. Seven core la t t ice  posi t ions with a 
flux of 1 5  x neutrons cm---2 secl-’ are used.  
Loading is ordinarily done by the  u s e  of “rabbits.” 
Foil or w i r e  activation is used to measure neutron 
flux in  the ORR because of limited space  in the  
irradiation can.  

PROCESSING FACl LIT! ES 

Most processing involves cur ies  of activity, 
therefore most operations are performed rernot e ly  
ins ide  shielded cells. Glove boxes generally 
supply adequate  protection from the  radiation 
emitted by alpha rays, and hoods a re  used for 
processing small  amounts of beta-gamma emitting 
isotopes.  

’Hot-cell construction is described in the Conference 
on Hot  Laboratories and Equipment (proceedings of 
1957, 1958, 1960, 196J), Ameri.csri Nilclear Sccicty,  
New York, and in  “Structural Aspects of Laboratory 
Planning,” pp. 171--216 in L s b o r a t o t y  Plarrning, ed. by 
N. F. Lewis,  Reinhold, New York, 1962; E. Lamb. 
“Special  Fea tures  of N e w  Radioisotope Process ing  
Cells.” p. 311 in  Four th  Annual S y m p o s i u m  on Hot 
Laboratory Eqri @men t ,  T W -5 28 0 (1 955 ). 
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RECORDING A 

 EXPERIMENT MOUNT 
POOL N E X T  TO F L A T  
OF REACTOR TANK 

NORTH ENGINEERING , 
TEST FACILITY PLUG 

A.1. Oak Ridge Research Reactor Engineering Test  and Poolside lrrodiotlon Foci l l t ies .  

%- COOLING AND ELECTRIC LINES 
TO E X P E R I M E N T  

ACCESS F L A N G E S  FOR , 
ERTl CA I- EX PER I M E N T S  

SOUT t i  ENGl N E E  R I NG I j 1 1  J TEST FACIL ITY  PLUG 
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SI DE 



18 5 



186 

Hot Cells. - Routine processing is done in five 
shielded cells. Two of t hese  are low-level cells 
in which curie amounts of activity can be handled 
safely;  one is an intermediate-level ce l l  in which 
the equivalent of 1000 curies  of 6oCo can  be 
handled safely;  and two are heavy-duty cells, 
shielded with 3 ft of h ighdens i ty  concrete, sui t -  
ab le  for * 10,000 curies  of 6oCo or i t s  equivalent 
(for 1 mr a t  the outside of the cell). Development 
work on new processes  and on new radioisotopes 
is accomplished in four additional heavy-duty 
cells (Fig. A-3). All  cells are equipped with 
doors which permit entry with shielded transfer 
ca sks .  A loaded cask  is placed inside a cell, 
the cell is c losed ,  the c a s k  is opened, and the 
radioactive material is removed from the c a s k  for 
processing. 

The  cells are  all quite similar (Figs.  A-4 and 
A-5 show front and back views), except  for inside 
dimensions and wall thicknesses.  All a r e  equipped 
with commercial manipulators which penetrate 
the cell through the face or at the top. High- 
density g l a s s  windows permit observation of the 
interior of t he  cells. Plastic “boots,” which 
cover the  remote or s l ave  end of the manipulators, 
se rve  two purposes: to  prevent contamination and 
to  seal the  opening where the manipulator enters 
the cells. 

Electric,  water, and air  se rv ices  are provided 
for the various operations in cells. Air-operated 
hois ts  a r e  used  to lif t  heavy objects.  Stainless  
s t e e l  l iners permit ea s i e r  decontamination. Since 
the cells are  multipurpose, the chemical equipment 

Fig. A-3. Heavy-Duty Cells for Development. 
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Pig. A-4. Looding Cosk in Rear of Shielded Gll. 
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in t he  cell var ies  with the operation t o  be per- 
formed. Glassware is used in  many of the oper- 
ations.  Equipment and casks a r e  admitted t o  the 
cells through ei ther  s l iding or hinged doors. Ce l l s  
are  decontaminated by u s e  of the manipulators to  
brush cleaning solution on walls  and trays before 
cell doors a re  opened for equipment changes.  
Small items, such  as tools,3 can  be placed in 
cells containing radioactive material by means of 
shielded ports i n  the cell wall. The  inside cell 
dimensions vary from 4 x 4 x 6 f t  high t o  6 x 6 x 10 
ft  high. The  shielding thickness  varies from 2 f t  
of normal concrete  t o  3 f t  of h ighdens i ty  concrete. 

’B. F. Early, #‘Specialized Devices for Manipulator 
Cell Operation,” in Conference on Hot Laboratory and 
Equipment, 1957, American Nuclear Society, New York. 

Manipulator operations a re  performed on a s ta in-  
l e s s  steel work table  located next to  the viewing 
window (Fig. A-6). The  cell floor behind the 
work table  se rves  as an  a rea  to  place c a s k s  for 
insertion and removal of radioactive materials. 
These  c a s k s  remain in the cell during the opera- 
tions. 

T h e  cells have two ventilation systems: general 
cell ventilation and vesse l  ventilation. The  ves- 
sel ventilation, which provides off-gas during 
operations tha t  can  discharge activity from the 
vessel ,  p a s s e s  through a scrubbing column and 
then through an  absolute filter. T h e  cell ventila- 
tion is passed  directly through absolute  fi l ters.  
A sl ight  negative pressure is maintained between 
the inside of t he  cell and the outside of the cell. 
Operations involving more than 1000 curies  of 

UNCLASSI FIE0 
PHOTO 

. -- 

Fig. A-6. Manipulating Radioisotopes Inside a Cell. 
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beta-gamma act ivi ty  a r e  performed in  cells lo- 
cated in  contained areas.4 

Glow Boxes and Hot Hoods. - Low-level ma- 
ter ia ls  generally a re  processed in  glove boxes 
when complete containment of activity is neces-  
sary. Lead bricks or similar materials are used  
for shielding around spec i f ic  v e s s e l s  containing 
activity. T h e  boxes a re  ventilated,  and g a s e s  a r e  
filtered as they leave  the  enclosures.  A s l igh t  
pressure differential is maintained between the 
inside and outs ide of the glove box, and in  some 
ins tances  absolute  filters are used for the inlet  
air. Figure A-7 shows glove boxes used for 
processing materials.  

Standard chemical hoods, adequate  for small 
amounts of activity, are equipped with drains for 
d i sposa l  of radioactive was te  solutions.  Hood 

4A. F. Rupp, “Methods of Handling Multikilocurie 
Quantities of Radioactive Materials,’’ Proc. Intern. 
Peaceful Uses At. Energy, 1st Geneva, 1955 14, 128 
(1956). 

exhaust  is filtered; the  amount of l inear a i r  flow 
is such that  at least 150 fpm flows through the face 
of t h e  hood. T h i s  flow is maintained by the  opening 
and closing of a damper that  controls flow propor- 
tional t o  the opening and closing of the hood 
window. Sliding doors a re  provided with glove 
ports in some of the  
ment. 

REMOVAL OF 

hoods to give better contain- 

RADIOACTIVE WASTE 

Radioactive solut ions are removed from cells by 
means of hot  drains  which a re  connected to  a 
large central  d i sposa l  system for ORNL was te s ,  
and g a s  was te  s t reams are  further treated before 
f inal  elimination to  a n  exhaust  s tack.  Figure A-8 
shows t h e  disposal  system ‘for liquid and gaseous 
wastes .  

Fig. A-7. Glove 60x0s for Procesring Low-Level  Materials. 
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Fig .  A-8. Treatment of Waste Streams. 

Solid w a s t e s ,  s u c h  as paper, s m a l l  tools ,  and 
glassware,  a re  removed by placing them in gal- 
vanized c a n s  l ined with plast ic  bags. T h e s e  c a n s  
sometimes have  a smal l  amount of lead shielding. 
Loaded c a n s  a rc  removed from the  cells and trans- 
ported t o  an  a rea  where they a re  placed in  a trench 
and buried.  The  amount of radioactive material  
placed in a c a n  is limited to avoid radiation of 
more than 200 mr/hr on t h e  outs ide of the  can.  
T h i s  a l lows safe handling of waste .  

RADIATION SAFETY IN THE ISOTOPES AREA 

T h e  U.S.  Atomic Enerpa Commission and OKNL 
pol ic ies  s t a t e  that  a l l  operations sha l l  be carried 
out  with t h e  lowest  reasonable  exposure of person- 
nel  to radiation and to contamination. Movement 
of personnel is controlled with th i s  policy in mind, 
and there a r e  three kinds of zones  establ ished:  
regulated, radiation, and contamination. A regu- 
la ted zone  is an area  where operations a r e  re- 
s t r ic ted t o  control radioactive contamination. 
This  zone may contain radiation and/or contamina- 
tion zones ranging f rom a small  s p o t  to a large 
area,  A radiation zone  is a n  a rea  where control 
measures  involve external  radiation exposure to 
personnel. Such a zone  may be posted where the  
dose  rate  is above 3 mrems/hr and the  accumulated 

daily d o s e  may b e  20 mrems. A contamination 
zone  i s  es tabl ished where personnel,  equipment, 
or  surroundings may be significantly contaminated 
with radioactive nucl ides  and where deposition 
of the nucl ides  in the  body i s  possible .  

All controlled zones  have boundary s igns  which 
s t a t e  entrance requirements, s u c h  as  monitoring 
instruments, spec ia l  clothing, s h o e s ,  and masks. 
Authorized personnel may enter  a regulated zone 
in  s t r e e t  clothing. Entrance to  a radiation zone 
requires (as t h e  minimum protective clothing) a 

laboratory c o a t  and s h o e  covers;  but specif ic  re- 
quirements a r e  actually determined by the  level  
of radiation. Where hazardous contamination may 
e x i s t  (such a s  t h e  inside of hot cel ls) ,  yellow 
shoes ,  two pairs  of coveral ls ,  two pairs  of gloves,  
and a mask and  head cover  a r e  required. The  
shoe  covers  and gloves a r e  taped to the coveral ls  
a t  t h e  ankles  and wris ts .  T h e  outer s h o e  covers ,  
coveral ls ,  and gloves a r e  removed immediately 
on ex i t  from the cell. There a r e  also occas ions  
when plast ic  air-lined s u i t s  a r e  worn in cells. 
Contamination-zone clothing may be worn in  a 
regulated zone, but no person may enter  a regulated 
zone from a contamination zone until  i t  is estab-  
l ished tha t  he carr ies  no contamination. When a 
person is to enter  a radiation zone  or a contamina- 
tion zone,  h e  wears  a film badge, a dosimeter, 
and a pocket meter. Other portable meters a r e  
used when necessary.  



Detection of Radiation. - There are  a number that is, the  outs ide wal ls  are  sea led  and the 
of instruments used in the LDC for the detection entrances are gasketed to  minimize leakage. When 
of radiation. Some of these  instruments are l is ted a building is “put in containment,” pressure 
in Tab le  A-1. within the building is dropped t o  0.5in. w.g. below 

Containment. - Some of the s t ructures  that atmospheric. (Air is supplied to  the  building 
house the hot c e l l s  are containment buildings; through barometric dampers or automatic c losures  

Table A-1. Instruments for Detection Used a t  IDC 

Name Part ic le  TY pe 
l__l__ 

Alpha Survey Meter Alpha Scinti l lat ion counter 

G a s  Flow Alpha Counter A1 ph a Gas  flow counter 

Geiger-Mueller Survey Meter, Thyac  Wet a-Gamma Geiger-Mueller counter 

Beta-Gamma Air-ionization chamber “Cutie Pie” 

“Juno” Bet a -Gamma Air-i onization chamher 

Electroscope 

Thermal Neutron Survey Mater 

“Rudolph” ( F a s t  Neutron Dosimeter) 

Alpha Air Sampler 

Alpha Scintillation “Poppy”  

Bet a-Gamma 

Neutron 

Neutron 

Alpha 

Alpha 

Fiber  

BF proportional counter 

Proportional counter 

Scinti l lat ion counter 

Scinti l lat ion counter 

3 

Continuous Air Monitor Beta-Gamma Fixed fi l ter  

Monitron Beta-Gamma Air-ionization chamber 

Hand and Foot  Monitor Beta-Gamma Geiger-Mueller counter 
............ .i_ 

Table A-2. Recommended Permissible Dosea to Body Organs of Occupational Workers Exposed  to Ionizing Radiation 

Organ 

Maximum Permissible Dose  (rems) Recomrriended 

Maximum 
Quarterly Aqe proratiori 

total  
Annu a 1 Weekly Dose  

( r ems)  (13 weeks) 

Total  body, head and trunk, 

eye  lens ,  gonads,  biood- 

forming organs 

Skin of whole body, thyruid 

Hands,  forearnis, feet ,  

ankles  

Bone 

Other body organs 

0.1 

0.6 

1.5 

3 

10 

2 5  

30/4rzb 

5 

12 5(N - 18) 

30 30(N - 18) 

75 75(N --- 1s) 

30/n SO/ZI(N - 18) 
15 15(N - 1 R j  

”Values given arc i n  addition to  d o s e s  f r o m  medical and Crrm backpound exposures .  

bThis n is referred t o  a s  t he  “ielative damage factor.” It is 1 for  radium isotopes and for g a r n r n s  radiation; othcr- 
wise i t  is s e t  equal t o  5 for all radionuclidFs in ~ J O I I ~ .  
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to prevent too high a vacuum.) During contain- Federal  Research Council and the National Com- 

ment, the pressure in  the c e l l s  is maintained a t  mittee on Radiation Protection.' 
-ii 1.0 in.  w.g. below building pressure. Exhaust  T h e  external  radiation d o s e  to  a n  individual 
f r o m  the  building is by way of the c e l l  ventilation cannot exceed t h e  recommended permissible d o s e s  
system through absolute  f i l ters  to a s tack.  Con- showr~ in Table A-2. 
stant a i r  monitors automatically effect  contain- ............_..___ c__ 

'Safe Handling of Radioisotopes,  Safety Series No. 1, 
ment when sufficient radiation is detected.  International Atomic Energy Agency, Kaerntnering, 

Vienna, Austria, 1958; Radiological Handbook, Revised 
Exposure h i m i t s .  - The laboratory endeavors Edition, U.S. ~ e p a r t m e n t  of Health, Education, and 

Welfare, Washington, D.C., ''Safe Handling of Radio- 
isotopes," Ifandbook No. 42, National Bureau of Stand- 
ards,  U.S. Department of Commerce, Washington, D.C. 

to keep exposure to i t s  employees well below the 
maxiinurn permissible d o s e  as  recommended by the 



Appendix 8. Assay Methods Used in the 
ORNL Radioisotopes Program 

Radioisotope product solut ions a r e  analyzed to  
ensure conformance to ORNL specif icat ions.  
Analyt ical  data include concentration of t h e  major 
act ivi ty ,  acidity or basicity,  and radiochemical 
purity, and may include chemical purity, spec i f ic  
act ivi ty ,  total  sol ids ,  pH, nonvolati le matter, and 
chemical composition. Specific analyt ical  pro- 
cedures  for each  radioisotope produced c a n  b e  
found in t h e  QRIVL, Master Analyt ical  Manual, 
‘PID-7015. The  processing procedure for e a c h  
radioisotope given in Section I11 i s  referenced to 
t h e  appropiiate analyt ical  procedure(s) in TID- 
7015. 

Two samples  of each  product a r e  s e n t  from the 
Shipping Department (see Section IV) to the  ad- 
joining shielded analyt ical  facil i ty z where neces-  
s a r y  dilutions a r e  made (Fig. B-1). The  diluted 
samples  are then removed from the  cell for the  
above-mentioned analyt ical  determinations. 

To determine the  disintegration rate of each  
radioisotope, t h e  instruments employed routinely 
(which include ionization chambers, well-type 
scint i l la t ion counters,  GM counters,  proportional 
counters ,  liquid scinti l lat ion  counter^,^ and 
scint i l la t ion spectrometers) must b e  calibrated by 
taking readings on a standard provided by the  U.S. 
National Bureau of Standards or a sample  of ma- 
terial  which h a s  been s tandardized by a n  “ab- 
so lu te”  technique s u c h  a s  47-1 coincidence count- 
ing,4 x-iay spectrometry, or counting using an  
end-window Geiger-Mueller or proportional counter. 

‘Catalog of Radio and  Stable Isotopes,  Isotopes De- 
velopment Center,  Oak Ridge National Laboratory 
(April 1963). 

‘5. E. Morton e t  a[., “Shielded Faci l i ty  for Use in the 
Ana l y s i s  of Radioisotopes,” pp. 161-67 in Conference 
on Mot Laboratory Eqrlipinznt, Novemher 1963, American 
Nuclear Society,  New York. 

3C.  G. Bell and F. N. Hayes (eds.), Liquid Scinti l ls-  
tion Countin& Pergamon, New York, 1958. 

4R. Cunnink, L. J. Colby, Jr., and J. 1%’. Cobble, 
“Absolute Beta Standardization Using 4 Pi Beta-Gamma 
Coincidence Techniques,” A n a f .  Chem. 31, 796 (1953). 

__I___ 

T h e  sample t o  b e  standardized is prepared ac- 
cording t o  the  particular type of radiation emitted. 
When beta activity is to b e  determined, the  sample 
is dried on a su i tab le  film, mounted, and inser ted 
into a counter. Samples for gamma and x-ray 
spectrometry a r e  dried on 1-in. watch g l a s s e s ;  
measurements of total  gamma act ivi ty  a r e  made on 
liquid samples .  

Beta-gamma emitt ing nucl ides  a r e  usual ly  s tand-  
ardized b y  4n coincidence counting with a n  in- 
strument in  which the  beta detector is a 4n counter 
and the  gamma detector is  a n  NaI(T1) scint i l la t ion 
spectrometer equipped with a differential  and in- 
tegral  analyzer circuit. The  4n counter (con- 
ta ining the  a c t i v e  samples  deposi ted on a thin 
conducting f i lm)  i s  placed next to  the  scint i l la t ion 
detector.  ’rhe pulse  height selector  of the scint i l -  
lat ion spectrometer is s e t  so as  to accept  pu lses  
from only a particular gamma ray. Usually t h e  
photoelectron peak result ing from the  m o s t  ener- 
get ic  gamma ray present is used. The  assembly 
includes amplifiers, a delay circuit  to  match 
de lays  within the  system, the  discriminator for 
the  gamma counter,  and beta ,  gamma, and coinci-  
dence  scalers. 

Beta emitters (l i t t le or no  gamma) are measured 
by 4n counting, or “absolute  beta counting” with 
end-window proportional counters.  Emitters of 
low-energy beta  radiation a r e  efficiently measured 
with a liquid scint i l la t ion counter by incorporating 
the  ac t ive  sample in a solution containing a scin-  
t i l lator compound. A vial  containing the  mixture is 
placed between two multiplier photo-tubes which 
detect  the scint i l la t ions produced by beta radia- 
tion. 

X rays,  emitted by electron capturers  of nucl ides  
which decay essent ia l ly  by conversion-electron 
emission,  a r e  measured with a n  x-ray proportional 
counter spectrometer filled with argon or  krypton. 
T h i s  instrument is calibrated with samples  whose 
disintegration rates  can  b e  determined by other 
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Fig.  6-1. Shielded Fac i l i ty  for Analy of Radioisotopes. 

methods (e. g., coincidence counting, or measure- 
ment with a calibrated gamma ionization chamber). 

CALIBRATION AND ROUTINE MEASUREMENT 

T h e  methods used  at ORNL for the calibration 
and  routine measurement of radioisotopes are 
shown in Tab le  B-1. Est imates  of both the ac- 
curacy of disintegration rate  determinations and 
precision of routine measurements are furnished. 
The  la t ter  value indicates  the reproducibility to 
be expected among seve ra l  shipments of a given 
material. Accuracy does  not refer t o  the  primary 
calibration itself (i.e., by coincidence or 4n 

counting), but t o  the  routine measurement of 
mill icuries per milliliter in shipments. T h e  modes 
of decay and half-lives a re  included in the table. 
A radioactive daughter is l is ted with the  parent 
(e.g., 113Sn-In) i f  its half-life is short  compared 
to  that  of t he  parent; otherwise it is l is ted under 
"Remarks. " 

The  gaseous radioisotopes produced - "Kr, 
3H, and 37Ar - a re  a l s o  analyzed before shipment. 
A mass spectrometric ana lys i s  is performed on 
*'Kr and 3H which are  a l s o  continually monitored 
during processing. Argon-37 is counted with an  
NaI(T1) gamma-ray spectrometer. Carbon-14 is 
assayed  by mass spectrometric ana lys i s  and scin- 
t i l lat ion counting. 



Table B-1. Radioisotope Assay Method 

Limit of 
Assay Instrumente Errorb Precision'  Element-Isotope Half-Life Decay ~. Remarks 

(so) (%) 
Calibration Routine 

Antimony-122 

Antimony-1 24 

Antimony-125 

Arsenic-76 

Arsenic-77 

Barium-1 31 

Bar ium-133 

Barium-140 

Bismu th-2 10 

Bromine -82 

Cadmium-109 

Cadmium-115m 

Cadmium- 

Indium-1 15 

Calcium-45 

Calcium-47 

Carbon-14 

Cerium-1 41 

Cerium-Praseo- 

dymium-144 

Cesium-134 

Cesium-Barium-1 37 

C h 1 or ine -3 6 

Chromium-51 

Cobalt-58 

2.75 d 

60.9 d 

2.78 y 

26.8 h 

38.7 h 

12 d 

7.5 y 

12.8 d 

5.00 d 

35.55 h 

1.3 y 

43 d 

53.5 h; 4.5 h 

165.1 d 

4.53 d 

5.57 x io3  

32.5 d 

285 d; 17.5 m 

2.07 y 

-30 y; 2.6 m 

3.08 x l o 5  

27.8 d 

71.3 d 

YS 

4rrc 

4 n c  

477 

477 

YS 

IC 

4 n c  

P C  

4 n c  

Y S  

4 n  

YS 

4n  

4 n c  

LS 

4 n c  

PC 

4 n c  

IC 

Ls 

IC,SC 

IC,SC 

IC,SC 

IC,SC 

PC 

9 

YS 

PC 

P C  

IC,SC 

YS 

GM,PC 

PC 

LS, PC 

YS 

LS 

Y S  

P C  

IC,SC 

IC,SC 

LS 

IC,SC 

IC,SC 

1 0  

10  

1 0  

1 0  

10  

10 

10 

1 0  

5 

20 

10 

20 

5 

10 

10  

10  

5 

5 

5 

5 

5 

10 

2 

2 

2 

5 

5 

2 

5 

5 

2 

5 

3 

5 

3 

2 

5 

5 

4 

2 

2 

3 

3 

2 

/?I disintegration rate  reported 

daughter T~ 1 2 5m 

58% decay through 0.49-Mev y assumed 

CS daughter 

La1  40 daughter 

APC. P o 2 '  daughter 

y measured In 1 1 5 m  

NBS Std. used 

Sc4'  daughter 

P r ' 44  daughter counted (APC) 

Ba 1 3  7m daughter measured. IC efficiency 

calculated 

APC 

9% gamma 



Table 6-1 (continued) 

Limit of 
Err orb Precis  ion Assay Instrumente Element-Isotope Half-Life Decay 

(%) 
Calibration Routine (70) 

Remarks 

Coba l t40  

Copper-64 

Europium-1 52-154 

Gallium-72 

Gold-198 

Gold-199 

Hafnium- 

Tantalum-181 

Indium-114m-114 

Iodine-125 

Iodine-12 9 

Iodine-1 30 

Iodine-131 

Iridium-1 92 

Iridium-194 

Iron-55 

Irm-59 

Lanthanum-140 

Mercury-197m2-l 97 

Mercury-203 

Molybdenum- 

Tec hne t ium-99m 

Neodymium-147 

Nickel43 

Niobium-95 

Osmium-Iridium-191 ~. , 

5.24 y 

12.82 h 

12.7 y; 16 Y 

14.1 h 

2.70 d 

3.14 d 

44.6 d; 20 p 

50 d; 72 s 

57.4 d 

1.56 x 10’ 

12.5 h 

8.05 d 

74.2 d 

19 h 

2.94 y 

44.3 d 

40.3 h 

24 h; 65 h 

45.4 d 

67 h; 6 h 

11.06 d 

125 Y 

35 d 

16 d: 4.9 s 

YS 

4rr 

4 n c  

4 n c  

YS 

4n 

cc 

IC 

4 n c  

4n  

4rr 

X 

4 6  

4 n c  

YS 

4 n c  

4 n c  

4 n c  

PC 

4 n c  

YS 

IC,SC 

IC.SC 

Y S  

IC,SC 

IC,SC 

IC,SC, y s 

YS 

PC 

YS 

YS 

SC,IC 

IC,SC 

IC,SC 

PC 

X 

IC,SC 

IC,SC 

Y S  

IC,SC 

PC 

1 c , s c , y s  

Ls 

IC,SC 

sc,ys 

3 

5 

20 

5 

3 

10  

10  

10 

20 

10 

1 0  

3 

10  

10 

10  

5 

5 

1 0  

5 

10  

1 0  

10  

5 

20 

2 

2 

5 

2 

2 

5 

5 

4 

5 

5 

2 

2 

2 

5 

5 

2 

2 

5 

2 

2 

3 

5 

2 

5 

Agreement with NBS noted 

APC 

Agreement with NBS noted 

0.48-Mev y measured. Hf175 by y S  

disintegration rate reported 

Sum-coincidence; calibrated 

IC efficiency calculated 

Agreement with NBS noted 

P disintegration rate reported 

Fe5’ content by IC 

F e 5 5  content by x-ray spectrometry 

P m 1 4 7  daughter 

4n corrected for e- 



Table 8-1 (continued) 
_____ 

Limit of 
Assay  Instrumenta Errorb Precision' 

Element-Is otope Ha If-Life Decay Remarks 
("lo) Calibration Routine (x 1 

Palladium- 

Silver-109 

Phosphorus -32 

Potassium-42 

B a s e  odymium-142 

Prase odymium-143 

Promethium-147 

Rhenium-1 86 

Rubidium-86 

Ruthe ri ium -1 03 

Rutheniurn- 

Rhodium-] 06 

Samarium-153 

Scandium-46 

Selenium-75 

Silver-:lOm-l10 

Silver-i 11 

Sodium-24 

Strontium- 

Rubidium-85 

Strontium-39 

Strontiurri- 

Yttrium-YO 

Sulfur-35 

Tantalum-i 82 

Technetium-99 

13.6 h; 39.2 s 

14.3 d 

12.46 h 

19.2 h 

13.7 d 

2.5 y 

88.9 h 

18.68 d 

35.7 d 

371 d; 30  s 

46.8 :7 

84.2 d 

119.5 d 

249 d; 24.2 s 

7.5 d 

15.05 h 

54 d; %0.9 ,us 

50.5 d 

28 y; 64.4 h 

89.0 d 

115.1 d 

2.12 x IO5 y 

P C  

4 n  

4 K  

4 n c  

477 

4 n  

4rrc 

4 n c  

4rrc 

4 n c  

4 n c  

4 n c  

Y S  

4772 

YS 

4 nc 
IC 

477 

4rr 

47 

4:: 

(477)d 

P C  

PC 

IC,SC 

P C  

P C  

LS,PC 

Y S  

Y S  

Y S  

PC 

K , S C  

IC,SC 

ys,rc,sc 

IC,SC 

PC 

lC,SC 

IC,SC 

P C  

P C  

LS 

IC,SC 

LS 

10 

3 

5 

10 

IO 

5 

10 

10 

i o  

5 

10 

3 

10 

10 

10 

3 

i o  

5 

10 

10 

10 

10 

5 

2 

3 

5 

4 

3 

5 

3 

5 

3 

5 

2 

5 

2 

5 

2 

2 

3 

5 

3 

3 

3 

Agreement with NBS noted 

9% gamma 

~ ~ 1 0 6  daughter measured. 477 source 

covered with thin A! foil to exclude Ru p 

Comb. of 0.255 and 0.28-Mev y assumed 

6 0% 

Agreement with NBS noted 

IC efficiency calculated 

SrgO content by A1 absorption data on 

separated Sr 

Sra9 by A1 absorption 



Table 8-1 (continued) 

Limit of 
Assay Instrumenta Errorb Precision' Element-Isotope Ha If-Life Decay 

3) Calibration Routine :%) 

Remarks 

Thallium-204 

Thulium-170 

Tin-Indium-1 13 

Tungs ten-1 85 

Tungs ten-1 87 

Yttrium-90 

Yttrium-91 

~ 

3.57 y 

129 d 

119 d; 

75.8 d 

24.0 h 

64.4 h 

59.1 d 

P W )  4n LS,PC 10 

PJ Y 4rrc P C  10  

05 m EC;IT IC IC,yS 1 0  

P P C  P C  1 0  

PI Y 4n IC,SC 10 

P 4n  P C  5 

B Y )  4n PC 5 

2 P disintegration rate reported 

3 E C  =' 0.3% 

2 

/ 

In' 13m daughter y measured. IC efficiency 

calculated 

3 A,&. W I 8 '  by yS 

3 

3 

3 

Zinc-65 246.4 d EC,y((rGT) X-y c IC,SC 5 2 

Zirconium- 65 d; 35 d BIY 4 K  IC,SC 5 5 Separation made 

Niobium-95 P 
\D 
00 

aIC = ionization chamber; SC = well-type scinti l lat ion counter; 4rrC = 427 p-y coincidence counter; GM = end-window Geiger-Mueller counter; X = x-ray 

proportional counter spectrometer; X-Vc = x-ray-gamma coincidence counter; yS = gamma spectrometer; CC =coincidence counter (external sample); P C  = 

windowless 2n proportional counter; LS = liquid scinti l lal ion counter; AQC = absolute beta counting. 

bEstirnated limit of error in disintegration-rate concentration of routing shipment. 

'Estimated precision of measurement (95% C.L.) indicates reproducibility. 

dActually determined by a polarographic method. 
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Appendix C. Calculation of the Specific Activity of 
Radioisotopes Produced by Neutron Capture 

In th i s  appendix calculat ions are  given for the  
reactor production of radioisotopes with burnup 
of t h e  target  atoms and burnup of the product 
radioisotope being taken into account. T h e  cap-  
ture of a neutron by a target element A to give a 
product B which disappears  by decay and by re- 
act ion with another neutron c a n  be represented as 
follows: 

m 

A - > B -  3> 
OA OB 

The  differential equation for the  number of atoms 
of the target isotope A as a function of time is 

dN 

dt 
A = - @ o  N . 

A A  

The differential  equation for the number of atoms 
of B at any time, t ,  is 

The  solution to th i s  s e t  of equations with ap- 
propriate factors introduced to convert the activity 
from counts  per second to  cur ies  per gram of tar- 
get element is' v 2  

1.128 x lOI3 (Z /WTE)  @oA 
Activity (curies/g) ~ 

(0 .693/TB) t @us - @oA 

'R, D. Evans,  The Atomic Nucleus,  p. 477, McGraw- 
Hill ,  New York, 1955. 

where 

Q 7 neutron flux (neutrons cmW2 s e c p ' j ,  

= capture c ross  sec t ion  of A (mi2), o 

uE = burnup c r o s s  sect.ion of B (cm'), 

T B  = half-life of B (sec) ,  

A 

I = decimal isotopic  abundance of A, 

W = atomic weight of target element (g). 

Equation (3) h a s  been programmed in FORTRAN 
language for t h e  CDC 16044 computer' a t  ORNL. 
More complex calculat ions for the  production of 
several  isotopes were done on the  IBM 7090 with 
the u s e  of the  CHUNCH code.3 

These  computer c o d e s  were used to calculate  
the buildup of act ivi ty  i n  various targets  irradiated 
in the  Low Intensity T e s t i n g  Reactor (average 
flux of 2 x neutrons cm- '  sec- I ) ,  the  Oak 
Ridge Research Reactor (average flux of 2 x l O I 4  

neutrons cm-' sec- '> ,  and the  High-Flux Isotope 
Reactor now under construction (average flux of 
2 x 10'' neutrons cm-2  sec-I). 'The input data  
on cross sec t ions ,  half-l ives,  and abundances 
were taken, with a few exceptions, from the  Chart 
of the  nuclide^.^ The resul ts  are presented in 
T a b l e s  C-1 to C-3. 

T h e  specif ic  ac t iv i t ies  l is ted in the  tables  a r e  
calculated (theoretical)  values.  In practice,  i t  
may b e  difficult to at ta in  these  calculated yield 
values  in some cases. For example, materials 
with high neutron capture c r o s s  sec t ions  will  

______I..._._._ __ 
'A. R. Jenkins and C. W. Friend, Radioisotopes 

Production I - Computer Program for Calculating the 
Optimum Irradiation Time and Maximmi  Activity Con- 
centration for Simple (n,y), (n ,p) ,  or (n,a) React ions ,  
ORNL Report (in preparation). 

3H. C .  Claibome and M. P. Lietzkc,  CRUNCH - An 
IBM 704 Code for Calculating N Success ive  F i rs t -  
Order Reactions,  ORNL-2958 (October 1960). 

4Chart of the Nuclides,  Knolls Atomic Power Lab- 
oratory. U.S. Atomic Energy Commission, 6th Ed., 2d 
printing, revised t o  December 1962. 

20 1 



Table C-1. S p e c i f i c  A c t i v i t y  a s  a Function of l r r o d i a t i o n  Time a t a  N e u t r o n  Flux of 2 x 10 '3Neutrons cm-' s e c - '  

(Specific activities given under irradiation times are in curies per gram of target element) 

Product Half-Life 
Radioisotope T , 

36c~ 

4 2 K  

5 ~ a  

7 ~ a  

4 %  

SIC1 

5Fe 

"Fe 

"Ni 

"cu 

6 5 ~ n  

" ~ a  

'As 

'%e 

82Br 

85Sr 

%lo 

86Rb 

LagPd  

' I  

"'Cd 

Cd Llsm 

5Cd 

In 1 1 4 "  

' I3sn 

* 'Sb 
124Sb 

lZ5Sb 
1 3 0 1  

13% 

13'Ba 

'33Ba 

14OI,a 

142Pr 

153Srn 

'"Eu 

lS4Eu 
1 7  OTm 

i8111f 

1 82*a 

1 s i g  

I n7N, 

19211- 

I 9"lr 

Re 1 8 h  

19'Au 

203Hg 
2 0 4 ~ 1  

2 I OBi 

3 105 

12.4 h 

165 d 

4.6 d 

84 d 

27.8 d 

2.7 y 

45 d 

92 yc 

12.9 h 

245 d 

14.1 h 

26.5 h 

120 d 

35.7 h 

18.7 d 

64 d 

66 h 

13.5 h 

249 d 

1.3 y 

43 d 

53 h 

50 d 

118 d 

2.8 d 

60 d 

2.7 y 

12.5 h 

2.13 y 

11.6 d 

7.5 y 

40.2 h 

19.2 h 

46.7 h 

13 Y 

16 Y 

127 d 

45 d 

115 d 

74 d 

24 h 

90 h 

74 d 

19 h 

64.8 h 

47 d 

3.8 y 

5 d  

Target 
Isotope 

. . . . . .- 
3Na 

35c1 

4 l K  

'Ca 

V a  

'5Sc 

OCr 

5 4 ~ e  

"Fe 

62Ni 

63cu 

6 4 ~ n  

"Ga 

7 5 A s  

7 4 ~ e  

8lBr 

84Sr 

"Rb 

9 8. .do 

08Pd 

'"Ag 

108Cd 

14Cd 

l i4Cd  

l 1 3 i n  

'"Sn 

I2'Sb 

23Sb 

12%" 

I 2  g1 

1 3  3cs 
'Ea 

13'Ba 

']>a 

14 lP I  

l s 2 ~ m  

l5lEu 

'6'TlIl 

"'Eu 

lsoHf 

"'Ta 
i 8 1 W  

1 8 6 ~  

' 85Re 

'91Ir 

9 3 ~ r  

9 7 A ~  

"Hg 

2 0 3 ~ 1  
2 O g B i  

.............. ~ Tmax lrradiatioii Time in Half-Life Units" Abundance of Activation 
rarget Isotope Cross Section -~. ......~~~ 

(10-21cm'j 0.01 0.03 0.05 0.50 1.00 3.00 5.00 (days) 0.10 0.30 (%I 

100 

75.53 

6.88 

2.06 

30 

100 

4.31 

5.82 

0.33 

3.66 

69.09 

48.89 

39.60 

100 

0.87 

49.46 

72.1.5 

0.56 

23.78 

26.71 

48.18 

0.88 

28.85 

28.86 

4.28 

0.96 

57.25 

42.75 

5.94 

50 

100 

0.101 

0.097 

99.911 

100 

26.72 

47.82 

52.18 

100 

35.24 

99.988 

30.64 

28.41 

37.07 

37.30 

62.70 

100 

29.30 

29.50 

100 

0.53 

45 

1.1 

0.7 

0.25 

23 

17 

2.5 

1 

15 

4.5 

0.47 

5 

4.3 

30 

3 

1 

1 

0.15 

12.2 

2 

0.20* 

0.14 

1.1 

8 

1.3 

6.06 

3.315 

0.204 

31 

32.6 

8.8 

7 

8.9 

12 

220 

7000 

320 

125 

10 

2 1  

2.1 

40 

110 

1000 

120 

99 

3 

11 

0,015 

0.0518 

0.0043 

0.0008 

0.0046 

1.15 

0.032 

0.006 

0.0001 

2.09 

0.11 

0.008 

0.064 

0.13 

0.007 

0.04 

0.019 

0.0001 

o.oon8 

0.068 

0.020 

0.00003 

0.0008 

0.006 

0.007 

0.0002 

0.064 

0.026 

0.00023 

0.27 

0.5s 

0.00015 

0.00011 

0.14 

0.19 

0.88 

28.35 

2.27 

1.66 

0.044 

0.26 

0.008 

0.14 

0.49 

4.36 

0.88 

1.13 

0.010 

0.036 

0.00016 

0.154 0.256 

0.0130 0.0215 

0.0024 0.004 

0.0139 0.023 

3.43 5.67 

0.094 0.156 

0.017 0.029 

0.0004 0.0007 

6.18 10.1 

0.33 0.54 

0.024 0.039 

0.19 0.31 

0.39 0.64 

0.022 0.036 

0.12 0.21 

0.056 0.094 

0.0004 0.0007 

0.0025 0.0041 

0.21 0.34 

0.060 0.099 

0.00010 0.00017 

0.0024 0.0040 

0,019 0.031 

0.020 0.033 

0.0007 0.0012 

0.191 0.316 

0.078 0.128 

0.00068 0.0011 

0.81 1.34 

1.64 2.70 

0.00043 0.00072 

o.00033 0.00064 

0.43 0.71 

0.57 0.94 

2.62 4.33 

28.27 16.11 

5.70 8.00 

4.95 8.19 

0.13 0.22 

0.74 1.18 

0.023 0.039 

0.41 0.69 

1.47 2.43 

13.0 21.4 

2.62 4.34 

3.36 5.56 

0.0.30 0.049 

0.11 0.18 

0.00048 0.00080 

0.502 

0.0422 

0.0078 

0.045 

11.2 

0.31 

0.057 

0.001 

19.5 

1.06 

0.077 

0.62 

1.25 

0.072 

0.40 

0.18 

0.0014 

0.0051 

0.67 

0.194 

0.00034 

0,0078 

0.062 

0.065 

0.0023 

0.621 

0.251 

0.0022 

2.64 

5.29 

0.0014 

0.0011 

1.40 

1.86 

8.52 

2.46 

10.6 

16.1 

0.43 

2.15 

0.076 

1.35 

4.77 

41.8 

8.53 

10.9 

0.097 

0.35 

0.0016 

1.409 

0.118 

0.022 

0.126 

31.2 

0.86 

0.159 

0.0036 

50.1 

2.99 

0.21 

1.74 

3.51 

0.200 

1.13 

0.52 

0.004 

0.023 

1.87 

0.543 

0.00096 

0.022 

0.173 

0.182 

0.0064 

1.74 

0.69 

0.0062 

7.41 

14.5 

0.0040 

0.0030 

3.91 

5.20 

23.9 

0.0006 

7.87 

44.8 

1.21 

4.53 

0.21 

3.78 

13.4 

15 

23.9 

30.2 

0.27 

0.97 

0.0044 

2.198 

0.1845 

0.034 

0.196 

48.7 

1.34 

0.25 

0.0056 

71.4 

4.66 

0.34 

2.71 

5.47 

0.310 

1.77 

0.80 

0.006 

0.035 

2.92 

0.844 

0.0015 

0.034 

0.269 

0.284 

0.010 

2.72 

1.06 

0.0097 

11.6 

22.2 

0.0062 

0.005.3 

6.10 

8.12 

37.3 

4.24 

69.5 

1.88 

5.58 

0.33 

5.89 

20.9 

175 

37.3 

46.6 

0.42 

1.50 

0,0068 

3.752 

0.315 

0.058 

0.335 

83.1 

2.29 

0.42 

0.0096 

96.7 

7.96 

0.57 

4.62 

0.54 

3.02 

1.37 

0.010 

0.061 

4.98 

1.42 

0.0025 

0.059 

0.460 

0.485 

0.017 

4.64 

1.73 

0.017 

19.7 

36 

0.011 

0,0079 

10.4 

13.9 

63.6 

0.85 

117 

3.21 

6.30 

0.57 

10.1 

35.6 

283 

63.7 

77.5  

0.73 

2.55 

0.012 

6.5666 

0.551 

0.102 

0.586 

144.8 

4.00 

0.74 

0.017 

61.4 

13.9 

1.00 

8.09 

0.93 

5.28 

2.40 

0.018 

0.106 

8.72 

2.37 

0.0045 

0.102 

0.804 

0.848 

0.030 

8.12 

2.72 

0.029 

34.5 

53.7 

0.018 

0.013 

18.2 

24.3 

111 

0.0013 

193 

5.60 

6.36 

1.00 

17.6 

62.3 

392 

111 

127 

1.27 

4.29 

0.020 

7.27 

0.610 

0.113 

0.049 

159.4 

4.43 

0.81 

0.019 

21.9 

15.4 

1.11 

8.96 

1.02 

5.36 

2.66 

0.020 

0.117 

9.66 

2.46 

0.0049 

0.113 

0.891 

0.937 

0.033 

9.00 

2.88 

0.032 

38.2 

52.8 

0.020 

0.014 

20.2 

26.9 

123 

202 

6.18 

6.30 

1.10 

19.5 

68.9 

340 

123 

137 

1.40 

4.54 

0.023 

12.6 

8914 

10.04 

1942 

84.7 

650 

271 

7287 

591 

43,144 

9.32 

2884 

10 

18.1 

824 

24.5 

269 

808 

54.7 

8.9 

1120 

5718 

689 

38.3 

470 

1340 

40.7 

525 

10,811 

7.6 

2806 

139 

12,616 

24.7 

12.3 

19.2 

86 

768 

596 

440 

195 

839 

13.3 

37.3 

205 

9.5 

24.8 

540 

6802 

112 

Rurnup 
Activity at cross Section 

'max of Product 
(curiesig) (10- ' ~ r n ~ )  

7.50 

0.0064 90 

0.630 

0.117 

0.67 

162.5 0.25 

4.55 

0.82 

0.019 

99.5 

15.9 

1.14 

9.24 

18.7 

1.03 

6.04 

2.75 

o . n a  
0.121 

9.97 

2.47 

0.0051 

0.117 

0.92 

0.96 

0.034 

9.27 

2.91 2000 

0.033 

39.4 1.0 

54.1 134 

0.021 

0.014 

20.8 

27.7 20 

126 

32.7 5000 

10.9 1400 

202 150 

6.35 40 

6.39 17,000 

1.14 

20.1 90 

70.8 

393 700 

127 

139 26,000 

1.45 

4.54 

0.073 
.... 

'Half-life units, t /T I  ~ 2 ,  where t IS time of irradiation and T ,  , 2  i s  the half-life of the product isotope. 
bAverage of experimental values obtained in the Oak Ridge Research Reactor by R. E. Lewis. 
'This half-life is an average of three widely spaced experimental values: 66, 86, and 125. 
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Table C-2. Specific A c t i v i t y  o s  a F u n c t i o n  of I r r a d i a t i o n  T i m e a t  a Neutron Flux of 2 x 1014 Neutrons c m m 2  sec- '  

(Specific activities given under irradiation times are in curies per gram of target element) 

Product Half-Life Target Abundance Of 
Kadroisotope T i  ,:2 Target Isutupe 

(%) 
.................. 

24Na 

"1 

42K 

45Ca 

' ~ a  

4 6 %  

5 1 0  

"Fe 

'Fe 

"3N1 

64Cu 

657% 

"Ga 

"As 

75Se 

"Br 

86Rb 
85Sr 

'M3 

l o 9 P d  
1 l o rnAg  

lo9Cd 
I 1 5 D ~ d  

l i sCd 

14"'1~1 

"'Sh 

Iz4Sh 
1 2 5 ~ b  

1301 

l34cs 

I3'Ba 

i 3 3 ~ a  

14"1,a 

1 4 2 ~ r  

i 5 3 ~ m  

1 5 2 ~ ~ 1  

1 5 4 E ~  

'"Tm 

"'Hf 

"'Ta 
I 8 5 w  

I 

Ia6Re 

i921r 

9 4 1 ~  

i e * A ~  

03Hg 
2 04 r L  

210UI 

15 h 2 3 ~ a  

3 105 y 35c1 

12.4 h 

165 d 

4.6 d 

84 d 

27.8 d 

2.7 y 

45 d 

92 yc 

12.9 h 

245 d 

14.1 h 

26.5 h 

120 d 

35.7 h 

18.7 d 

64 d 

66 h 

13.5 h 

249 d 

1.3 y 

43 d 

53 h 

50 d 

118 d 

2.8 d 

60 d 

2.7 y 

12.5 h 

2.13 y 

11.6 d 

7.5 y 

40.2 h 

19.2 h 

46.7 h 

13 Y 

16 Y 

127 d 

45 d 

115 d 

74 d 

24 h 

90 h 

74 d 

19 b 

64.8 h 

47 d 

3.8 y 

5 d  
........... ....... 

"K 

44Ca 

46Ca 

45sc 

OCr 

54Fe 

'Fe 

62Ni 

63cu 

64%n 

"Ga 

75As 

74se 
8iBr 

"Rb 

84 Sr 

g R ~ ~  

' 08Fd 

"Ag 

"Cd 

"Cd 

I4Cd 

I 1 3 i n  

"Sn 
I2lSh 

Iz3Sb 

124sn 

i 2 9 ]  

133cs 

1 3 2 ~ 2  

I 'Ba 

'La 

I r 1 p r  

' " ~ m  

'"Eu 
l53E" 

9Tm 

"Hf 

ls iTa 
l s r w  

1 8 6 ~  

"'Re 

'"1r 

I9'Au 

2'2Hg 

2 0 g g i  

2 0 3 ~ 1  

100 

75.53 

6.88 

2.06 

30 

100 

4.31 

5.82 

0.33 

3.66 

69.09 

48.89 

39.60 

in0 

0.87 

49.46 

72.15 

0.56 

23.78 

26.71 

48.18 

0.88 

28.86 

28.86 

4.28 

0.96 

57.25 

42.75 

5.94 

50 

100 

0.101 

0.097 

99.911 

100 

26.72 

47.87 

52.18 

100 

35.24 

99.988 

30.64 

28.41 

37.07 

37.30 

62.70 

100 

29.80 

29.50 

100 

Activation 
Cross Section 
( 1 0 - ~ 4 ~ ~ 2 )  

Irradiation Time iii iinlf-Life Unitsa 

0.01 0.03 0.05 0.10 

0.53 

45 

1.1 

0.7 

0.25 

23 

17 

2.5 

1 

15 

4.5 

0.47 

5 

4.3 

30 

3 

1 

1 

0.15 

12.2 

2 

0.2Oh 

0.14 

1.1 

8 

1.3 

6.C6 

3.315 

0.204 

31 

32.6 

8.8 

I 

8.9 

12 

220 

7000 

320 

125 

10 

21 

2.1 

40 

110 

1000 

120 

99 

3 

11 

0.015 

0.518 

0.043 

0.0081 

0.046 

11.5 

0.317 

0.06 

0.001 

20.1 

1.10 

0.08 

0.64 

1.29 

0.074 

0.42 

0.19 

0.0014 

0.008 

0.69 

0.20 

0.0003 

0.008 

0.063 

0.067 

0.002 

0.64 

0.26 

0.0023 

2.72 

5.45 

0.0015 

0.0011 

1.44 - 

1.91 

8.8 

2.57 

10.9 

16.6 

0.44 

2.21 

0.079 

1.39 

4.92 

43.2 

8.8 

11.2 

0.10 

0.36 

0.0016 

1.541 

0.130 

0.024 

0.138 

34.3 

0.944 

0.17 

0.004 

55.1 

3.27 

0.24 

1.90 

3.84 

0.22 

1.24 

0.57 

0.0043 

0.025 

2.05 

0.60 

0.0010 

0.024 

0.189 

0.200 

0.007 

1.91 

0.76 

0.0068 

8.12 

15.9 

0.0043 

0.0033 

4.29 

5.70 

26.2 

0.0007 

8.26 

49.1 

1.32 

4.89 

0.23 

4.14 

14.7 

126 

26.2 

33.1 

0.30 

1.06 

O.OM8 

2.556 

0.215 

0.040 

0.228 

56.7 

1.56 

0.29 

0.007 

83.9 

5.42 

0.39 

3.15 

6.36 

0.37 

2.06 

0.94 

0.0071 

0.041 

3.40 

0.98 

0.0017 

0.040 

0.313 

0.33 

0.012 

3.16 

1.23 

0.011 

13.4 

25.7 

0.0072 

0.0063 

7.10 

9.44 

43.3 

4.48 

80.8 

2.19 

6.23 

0.39 

6.85 

24.3 

204 

43.4 

54.1 

0.49 

1.75 

0.0os0 

5.025 

0.422 

0.078 

0.449 

111 

3.07 

0.57 

0.013 

135 

10.7 

0.77 

6.19 

12.5 

0.72 

4.05 

1.84 

0.014 

0.081 

6.68 

1.91 

0.0034 

0.078 

0.616 

0.65 

0.023 

6.21 

2.29 

0.022 

26.4 

47.9 

0.014 

0.011 

14 

18.6 

85.2 

0.50 

156 

4.30 

7.33 

0.76 

13.5 

47.7 

379 

85.3 

103 

0.97 

3.42 

0.016 

0.30 

14.09 

1.18 

0.22 

1.26 

311 

8.60 

1.58 

0.036 

I95 

29.9 

2.15 

17.4 

35.1 

2.00 

11.3 

5.16 

0.039 

0.23 

18.i 

5.16 

0.0096 

0.22 

1.73 

1.82 

0.064 

17.4 

5.35 

0.062 

74.1 

108 

0.040 

0.029 

39.1 

52 

239 

0.0014 

413 

12 

7.51 

2.14 

37.8 

134 

855 

239 

2.59 

2.72 

9.32 

0.044 
.............. 

0.50 

21.98 

1.845 

0.343 

1.96 

483 

13.4 

2.46 

0.056 

183 

46.6 

3.35 

27.1 

54.7 

3.09 

17.7 

8.05 

0.061 

0.35 

29.2 

7.75 

0.015 

0.34 

2.69 

2.84 

0.100 

27.2 

7.10 

0.097 

116 

139 

0.062 

0.048 

61 

81.2 

372 

607 

18.6 

7.46 

3.33 

58.9 

208 

1070 

373 

365 

4.25 

14.1 

0.065 

1.00 3.00 

-. .......................... 

37.52 65.66 

3.15 5.51 

0.585 1.02 

3.35 5.8G 

817 1364 

22.8 39.5 

4.14 6.82 

0.096 0.17 

132 32.9 

79.6 139 

5.71 9.97 

46.2 80.9 

5.20 8.33 

30.2 52.9 

13.7 24.0 

0.10 0.18 

0.61 1.06 

49.8 87.2 

12.0 13.0 

0.025 0.041 

0.58 1.02 

4.60 8.04 

4.83 8.32 

0.171 0.30 

46.4 81.1 

8.87 9.40 

0.166 0.289 

197 315 

152 72.2 

0.11 0.18 

0.C67 0.076 

104 182 

139 242 

634 1097 

893 876 

31.6 53.7 

7.29 6.71 

5.69 9.92 

101 176 

355 615 

1048 185 

637 1111 

505 586 

7.24 12.63 

22.4 27.4 

0.12 0.20 

72.7 10.6 

891 

6.10 8.32 

1.13 1397 

6.49 69.4 

1425 386 

43.1 180 

7.02 4227 

0.19 442 

8.2 10,607 

154 

11 

89.5 

8.29 

58.5 

26.6 

0.20 

1.17 

96.5 

8.07 

0.049 

1.13 

8.91 

9.05 

0.328 

89.8 

9.34 

0.318 

382 

30.1 

0.20 

0.039 

202 

268 

1200 

553 

58.1 

6.17 

10.9 

194 

673 

18.6 

1227 

583 

13.93 

19.7 

0.23 

7.5 

2075 

8.1 

14.4 

459 

19.5 

207 

596 

45.6 

7.04 

488 

4150 

546 

30.9 

308 

951 

31.4 

145 

7569 

5.9 

658 

100 

55 87 

19.1 

9.6 

12.9 

8.7 

78.8 

22 3 

285 

22.4 

595 

10 

25 

51.8 

6.9 

8.6 

385 

3122 

95 

75.04 

O.Offi4 

6.30 

1.15 

6.7 

I428 

43.5 

7.07 

0.19 

191.7 

159 

11.25 

92.4 

186 

8.48 

60.4 

27.4 

0.21 

1.21 

99.6 

14.3 

0.050 

1.17 

9.2 

9.11 

0.34 

92.5 

9.41 

0.324 

393 

153 

0.21 

0.082 

208 

277 

1212 

32.9 

11.3 

1008 

58.6 

7.53 

11.2 

199 

680 

1126 

1256 

586 

14.22 

28.6 

0.27 

Burnup 
Cross Section 

of Product 
(IO-' 4 c m  ') 
__ -- 

90 

0.25 

2000 

1 

134 

20 

5000 

1400 

150 

40 

17,000 

90 

700 

2h,000 

altalf-life units, t / T 1  ;2, where t i s  the time of irradiation and Ti,,2 i s  the half-life of the  product isotope. 
bAverapp of experimental values obtained in the Oak Ridge Research Reactor by R .  E. Lewis. 
'This half-life i s  a n  average of throe widely spaced experimeotal values: 66, 86, and 125. 
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Table C-3. S p e c i f i c  A c t i v i t y  a s  a F u n c t i o n  of I r r a d i a t i o n  T ime a t  a Neutron F l u x  of 2 x 10l5 Neutrons cm- '  wc-' 

(Specific activities given under irradiation times are in curies/g of target element) 

Product 
Radioisotopr 

~ 

24Na 

36Cl 

'K 

'Ca 

7 ~ a  

4 "sc 

5 'Cr 

SSFe 

9 ~ e  

63Ni 

6'CU 

"Zn 

' 2 G a  

76As 

" ~ e  

"Br 

"Kb 

8 5 %  

9'Mo 

1 1 omAp 
' "Pd 

"Cd 

Cd 11sn 

I '5cCd 

I ' 3 S n  

lzzSb 

I 1  4 m 1 ~  

lZ4Sb 

lzsSb 
1301 

134cs 

'31Ba 

133& 

'La 

14% 

ls2sm 

15'Eu 

I s4Eu  

"Tm 

l s l H f  

lS2Ta 
1 a s w  

1 8 7 ~  

l S 6 R e  

9 2 ~ r  

1 9 4 1 r  

98Au 

203Hg 
2 0 4 ~ 1  

2 1 O U i  

15 h 23Na 

3 - 1 0 s ~  3 5 ~ 1  

12.4 h 

16.5 d 

4.6 d 

84 d 

27.8 d 

2.7 y 

45 d 

92 yc 

12.9 h 

245 d 

14.1 h 

26.5 h 

120 d 

35.7 h 

18.7 d 

64 d 

66 h 

13.5 h 

249 d 

1.3 y 

43 d 

5.3 h 

SO d 

118 d 

2.8 d 

60 d 

2.7 y 

12.5 h 

2.13 y 

7.5 y 

40.2 h 

19.2 h 

46.7 h 

11.6 d 

13 Y 

16 Y 
127 d 

45 d 

115 d 

74 d 

90 h 

24 h 

74 d 

19 h 

64.8 h 

47 d 

3.8 y 

5 d  

41K 

'Ca 

T a  

4 5sc 

' OCr 

"Fe 

"Fe 

"Ni 

63cu 

6 4 ~ n  

7 1 G a  

'5As 

'%e  

8'Br 

"sr 
9 8 ~ 1 ~  

85Rb 

'"I'd 

"Ag 

"Cd 

114Cd 

"Cd 

'In 

1% 

121Sb 

12jSb 

'2% 

12 g1 

133cs 

1 3  OBa 

I3'Ba 

''La 

141Pr 

i s 2 S m  

lSlEU 

l S 3 E u  

lfi9Trn 

I 80Hf 

l B 1  ra 
184w 

1 8 6 w  

l S 5 R e  

"'Ir 

9 3 I r  

"'Au 

202Hg 
2 D 3 ~ 1  

_____ 

Abundance of 
rargei lsotopr 

(XI 

100 

75.53 

6.88 

2.06 

30 

100 

4.31 

5.82 

0.33 

3.66 

69.09 

48.89 

39.60 

100 

0.87 

49.46 

72.1.5 

0.56 

23.78 

26.71 

48.18 

0.88 

28.86 

28.86 

4.28 

0.96 

57.25 

42.75 

5.94 

50 

1 no 
0.101 

0.097 

99.911 

100 

26.72 

47.82 

52.18 

100 

35.24 

99.988 

30.64 

3y.07 

28.41 

37.30 

62.70 

100 

29.80 

29.50 

1ou 

Activation 
Cross Section 
(lO-Z'crn2) 

0.53 

45 

1.1 

0.7 

0.25 

23 

17 

2.5 

1 

15 

4.5 

0.47 

5 

4.3 

30 

3 

1 

1 

0.15 

12.2 

2 

0.20b 

0.14 

1.1 

8 

1.3 

6.06 

3.315 

0.204 

31 

32.6 

8.8 

7 

8.9 

12 

220 

7000 

320 

125 

10 

21 

2.1 

110 

40 

1000 

120 

99 

3 

11 

0.01.5 

0.01 

5.183 

0.435 

0.081 

0.46 

114.8 

3.17 

0.58 

0.013 

140.3 

11.0 

0.79 

6.38 

12.9 

0.74 

4.17 

1.89 

0.014 

0.08 

6.88 

1.97 

0.003 

0.081 

0.63 

0.67 

0.02 

6.40 

2.36 

0.023 

27.2 

49.3 

0.015 

0.011 

14.4 

19.1 

88 

0.90 

161 

4.43 

7.45 

0.79 

49.2 

13.9 

391 

88 

106 

1 

3.52 

0.016 

Burnuo 
Trnax Activity cross &tion 

at rmax of I'rcduct 
.............. ~ 

Irradiation Time in Half-l ife Units" 
.. .. . . . . . . . . . . . . . . . . . . . . . . . . 

5.00 (days) (curieslgj (10-24cm2) 0.03 0.05 0.10 0.30 0.50 1.00 3.00 

15.44 25.56 

1.296 2.146 

0.241 0.395 

1.38 2.28 

341 562 

9.43 15.6 

1.73 2.86 

0.04 0.066 

221 233 

32.8 54.2 

2.35 3.89 

19 31.5 

38.4 63.6 

2.19 3.61 

12.4 20.6 

5.65 9.36 

0.043 0.071 

0.25 0.41 

20.5 33.9 

5.67 9.06 

0.010 0.017 

0.24 0.40 

1.89 3.13 

7 00 3.30 

0.07 0.117 

19.1 31.6 

5.81 8.05 

0.068 0.113 

81.2 134 

118 159 

0.043 0.072 

0.032 0.058 

42.9 71 

57 91.1 

262 433 

0.0014 

453 705 

13.1 21.7 

7.65 7.58 

2.34 3.88 

147 242 

41.4 68.5 

939 1251 

262 434 

282 418 

2.98 4.94 

10.2 16.5 

0.048 0.080 

50.25 

4.219 

0.784 

4.49 

1096 

30.6 

5.56 

0.13 

2 28 

107 

7.65 

61.9 

125 

6.98 

40.5 

18.4 

0.14 

0.81 

6.7 

16.3 

0.034 

0.78 

6.16 

6.47 

0.23 

62.1 

10.8 

0.222 

264 

190 

0.141 

0.092 

140 

186 

849 

1193 

42.2 

7.43 

7.62 

476 

135 

1432 

853 

637 

9.70 

30.4 

0.16 

140.9 219.8 375.2 656.6 

11.83 

2.19 

12.58 

2965 

85 

14.9 

0.36 

I98 

299 

21.4 

174 

351 

18.4 

114 

51.6 

0.39 

2.27 

187 

32.7 

0.095 

2.20 

17.3 

17.9 

0.61 

174 

12.1 

0.621 

740 

102 

0.394 

0.189 

39 1 

520 

2362 

18.45 

3.41 

19.6 

4166 

132 

22.2 

0.56 

173 

466 

33.3 

271 

547 
2h.8 

177 

80.4 

0.61 

3.54 

292 

37.5 

0.149 

3.43 

2G.9 

27.7 

1.00 

271 

12.1 

0.964 

1154 

43.71 

0.614 

0.223 

610 

811 

3655 

31.50 

5.79 

33.5 

6932 

219 

33.7 

0.96 

122 

796 

56.6 

462 

38.6 

302 

137 

1.03 

6.05 

498 

32.6 

0.253 

5.85 

46.0 

45.8 

1.69 

463 

11.9 

1.63 

1969 

4.8 

1.04 

0.197 

1040 

1383 

6105 

55.12 

9.85 

58.6 --- 
//Sl 

342 

33.8 

1.66 

30.5 

1393 

96.3 

808 

31.2 

528 

239 

1.78 

10.6 

870 

8.63 

0.432 

10.2 

80.4 

69.4 

2.81 

807 

11.1 

2.72 

3432 

0.0008 

1.78 

0.053 

1814 

2411 

9631 

1836 1578 615 3.50 

114 171 269 357 

6.83 6.28 5.10 2.21 

21.3 33.1 56.1 94.5 

1324 2019 3426 5422 

376 586 995 1709 

471 88.8 0.86 

727 

61.01 

10.54 

64.9 

5017 

329 

19.3 

1.81 

7.6 

1541 

103 

894 

14 

583 

263 

1.93 

11.7 

962 

2.16 

0.465 

11.3 

88.9 

64.4 

3.00 

889 

10.3 

2.83 

3782 

1.91 

0.0074 

2000 

2660 

9398 

0.015 

321 

0.96 

99.9 

5316 

1862 

8.48 

89.1 

6.61 

870 

54.2 

170 

97 

1797 

295 

1880 

5.75 

1292 

6.1 

10.8 

183 

14.6 

146 

388 

36.4 

5.2 

141 

2626 

404 

23.6 

161 

578 

22.2 

18 

4481 

4.2 

79 

63 

1635 

13.6 

7 

7 

0.8; 

7.9 

38.2 

124 

2.3 

361 

13.7 

6.6 

6.6 

2386 3716 6313 10,793 11,616 

856 866 847 773 704 

27.1 42.2 71.6 121 128 

66.1 81 79 23 5.76 

0.44 0.68 1.17 2.04 2.26 

749.9 

0.0064 

62.9 

10.54 

66.9 

8420 

3 15 

39 

1.83 

233 

15R6 

103 

92 

1854 

41.7 

599 

270 

1.95 

12.1 

986 

3 7 . 7  

0.466 

11.6 

91.5 

69.5 

3.00 

906 

12.1 

2.84 

3858 

190 

1.91 

0.223 

2041 

2722 

9742 

32.9 

11.3 

1816 

358 

7.67 

99.9 

5493 

1880 

1441 

90 

0.25 

2000 

1 

134 

20 

5000 

1400 

150 

40 

i7.ono 

90 

700 

4.4 11,638 

1.2 866 

235 128 

95.4 84.4 

78.6 2.34 

26,000 

"Half-life units, t / T l  ' 2 ,  where I i s  time of irradiation and 
bAvetage of experimental values ohtainrd in the  Oak Ridze Reaeirch Reactor by R .  E. Lewis. 
'This half-life is an ax;erage of three widely spacrd  rxperlmental values: 

IS the half-life of the  product isotope. 

66. 86. and 125. 
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c a u s e  a dec rease  in neutron flux near the target, 
and lower yields  will  be obtained. However, 
these calculated values  c a n  s e r v e  a s  useful  
guides.  

Irradiation t imes in the  reactor are conveniently 
expressed a s  fractions of half-l ives.  For radio- 
isotopes with short half-l ives,  a sample may be 
irradiated for a period of f ive half-lives or Ionger. 
Thus,  4 2 K  with a half-life of 12.4 hr is usually 
irradiated for 60 hr. For  radioisotopes with a half- 
l ife from one week to a few months, the irradiation 
t i m e  will usually vary from one t o  three half-life 
periods because the increase in specif ic  activity 
is  not great beyond a period of three half-l ives.  
In producing radioisotopes with very long half-  
l ives ,  s u c h  as 3GCl  (T1,2 - 3 x l o 5  yr) and 14C 
(T1,2  - 5770 yr), i t  is obvious that  for practical  
reasons the  irradiation period must be a small  
fraction of a half-life. Hence, the tables  show the 
buildup of a radioisotope in cur ies  per gram of 
irradiated material for i tradiation t i m e s  varying 
from 0.01 t o  5.0 half-life units.  The half-life of 
the radioisotope i s  among the most important 
€actors in determining how long t o  irradiate a 
target in  the reactor.  

T h e  time in a reactor i s  usually shortened con- 
siderably i f  the  radioisotope product i tself  h a s  a 
high capture burnup cross  sec t ion  for neutrons. 
The  da ta  in Tables  C-1 to C-3 show that i f  the 
half-life oF the radioisotope i s  short  or only mod- 

erately long, the value of the  burnup c r o s s  sect ion 
h a s  only a slight effect  on the irradiation time. 

Burnup becomes more significant with longer- 
lived radioisotopes.  For example, on irradiating 
35Cl  to produce long-lived '(3, maximum specif ic  
activity is obtained by irradiating the target for a 
small  fraction of a half-life (891 days)  a t  a flux 
of 2 x lOI4 neutrons scc-'. The 90-barn 
burnup c r o s s  sect ion of 36C1 in this c a s e  limits 
the specif ic  activity of 36C1 that can be obtained. 

In many cases the  burnup c r o s s  sect ion is not 
known and thus possibly can  explain the variation 
in reported reactor yields .  An experimental value 
of 0.20 barn for the  reaction '08Cd(n,y)'09Cd for 
tatget irradiation periods of 1.5 to 2.0 years  was 
obtained from the ORR. Recently Beda ct 
reported a value of 2.7 barns for th i s  same reaction 
after a short  irradiation las t ing a few days.  T h e s e  
two resul ts  c a n  be reconciled (mathematically) if 
i t  is assumed that the burnup cross  sect ion of 

09Cd i s  about 1400 barns. 
T h e  values of Tmax give the irradiation time 

in days  a t  which the specif ic  activity of the 
product radioisotope p a s s e s  through a maximum. 
It is not recommended that  the value of Tlilnx be 
considered a s  a desirable  irradiation time except 
for short-lived radioisotopes.  

5A. 6. Beda, L. N. Kondrat'ev, and E. I?. Tret'Yakov, 

OSCd by miermnl  '*The Activation Cross Section of 
Neutrons," A t .  Energ.  16(2), 1-45-46 (1964). 
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