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FOREWORD

Many countries now possess research  reactors. Since the radioisotopes 
from  these reactors  bring benefits in many different spheres, such as agri
culture, m edicine, biology, hydrology and engineering, the first step taken 
at any new re a cto r  cen tre  is  usually the establishm ent of a sound isotope 
production  p rogram m e.

The International A tom ic Energy Agency organized a ser ies  of regional 
study-group meetings, the aim of which was to stress the importance of iso 
tope production and encourage the efficient use o f these research  rea ctors . 
Actual production p rocesses  d iffer, depending on the scale of production and 
prevailing loca l conditions, so each reactor centre has of necessity to adapt 
itse lf to the p rocesses  m ost appropriate to it.

This Manual is  a firs t attempt to co llect inform ation on isotope produc
tion p rocesses  fo r  the use of isotope producers. The dissem ination of such 
in form ation  m ay enable appropriate isotope production  program m es to be 
established at new centres and, at the same tim e, contribute to the im prove
ment of those production processes already in operation.

The Agency is grateful to the consultants who offered  invaluable assist
ance in the preparation of this Manual and to the national atom ic energy 
authorities who have provided up-to-date inform ation on their radioisotope 
production p ro ce sse s .
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INTRODUCTION

The Manual of Radioisotope Production has been com piled prim arily  to 
help sm all reactor establishments which need a modest program m e of radio
isotope  production  fo r  lo ca l requ irem en ts. It is  not com p reh en sive , but 
g ives guidance on essentia l p relim in ary  con siderations and prob lem s that 
may be met in the early  stages of production. R eferen ces are included as 
an aid to the read er who w ishes to seek further in the extensive literature 
on the subject.

In preparing the Manual, which is  in two parts, the A gency consulted 
severa l M em ber States which already have long experience in radioisotope 
production. An attempt has been made to condense this experience, firstly , 
by setting out the tech n ica l and econ om ic con siderations which govern  the 
planning and execution of an isotope program m e and, secondly, by providing 
experim ental details of isotope production p ro ce sse s . Part I covers  top ics 
comm on to all radioisotope processing, namely, laboratory design, handling 
and dispensing of radioactive solutions, quality con trol, m easurem ent and 
radiological safety. Part II contains inform ation on the fifteen radioisotopes 
in m ost com m on  u se. T hese a re  b rom in e -8 2 , cob a lt -5 8 , ch rom iu m -5 1 , 
cop p er-6 4 , flu orin e -1 8 , gold -198 , iod ine-131 , iron -5 9 , m agnesium -28, 
sodium -24, phosphorus-32, sulphur-35, yttrium -90 and zin c-65 . Their 
n uclear p rop ertie s  a re  d escr ib ed , re fe re n ce s  to  typ ica l applications are 
given and published m ethods o f production are review ed; a lso  included are 
descrip tion s in detail o f the production  p ro ce sse s  used at severa l national 
atom ic energy organizations.

No attempt has been made to distinguish the best values fo r  nuclear data 
or to comment on the relative m erits of production processes. Each process 
is  presented essentially as it was described by the contributor on the under
standing that cr it ica l com parisons are not n ecessa ry  fo r  p ro ce s s e s  which 
have been well tried in practical production for  many years. The information 
is presented as a guide to enable the reader to select p rocesses most suitable 
to his local conditions.

1. PRODUCTION AND UTILIZATION OF RADIOISOTOPES:
SOME GENERAL ASPECTS

The im m ense variety  o f ra d io isotop es  and th eir  derived  produ cts  is  
illustrated by the large number of suppliers' catalogues and d irectories that 
exist. The latest edition of the International D irectory of Isotopes published 
by the International A tom ic Energy Agency in 1964 [1] lis ts  som e 80 d istri
butors and sev era l thousand d ifferent p roducts. The u ses to which these 
m ateria ls are put are equally num erous and d iverse but, broadly speaking, 
they can be regarded as falling within three ca tegories .

In m ed icin e , the ion izing radiation  from  ra d io iso top es  has long been 
used for purposes of therapy, but in recent years techniques in which radio
active  m a teria ls  are  used as tra ce rs  in d iagnosis has dom inated m ed ica l 
application  [2 -6 ],
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In industrial applications [7-12] the amounts of radioactivity used are 
generally higher and there is a greater need for radiological protection and 
for  som e m easure o f legal control. Even so, many techniques, such as 
gamma radiography, thickness gauging and other methods of process control, 
are a lready in es ta b lish ed u se . H ow ever, it is  probable  that the potential 
for industrial applications is  much greater than is indicated by their present 
use.

The third category, applications in research , is so d iverse as to make 
it difficult to appreciate its full extent. Several Agency publications [7-8, 13] 
p rov ide  exam ples of re sea rch  uses in specia l fie ld s o f application but, in 
general term s, the radioisotope has becom e an accepted tool of the research 
scien tist and one with which great p ro g re ss  has been m ade, esp ecia lly  in 
b ioch em istry , agricu lture and related  sc ien ces .

A fter  twenty y ea rs  o f e ffe ctiv e  existence  ra d io iso top es  have becom e 
established  as an im portant elem ent of p ro g re ss  in three m a jor  fie ld s  o f 
human activity : m ed icin e , industry and re se a rch .

The m ajor beneficiary of radioisotopes is  undoubtedly m edicine; it ac
counts for m ore than 50% of the total radioisotope consumption. The utili
zation of isotop es  fo r  m ed ica l p u rposes stands in a c la ss  by itse lf and the 
d iversity  of radioactive m aterials in use for such purposes is briefly  illus
trated in Table I.

In industria l applications ra d io isotop es  contained in sea led  capsu les  
a re  used as sou rces  o f radiation . F o r  exam ple, alpha p a rtic le  em itters , 
such as polonium -210, a m eric iu m -241, plutonium-239 or radium -226, are 
used fo r  ion ization , o r , in conjunction with bery lliu m , fo r  the production 
o f neutrons. Beta particle  em itters, such as strontium -90, thallium -204, 
prom ethium -147, tritium and krypton-85, are used as radiation sources for 
gauging, ionization, X -ra y  production and for self-lum inous paints. Gamma 
em itters , such as caesiu m -137 , coba lt-60 , irid ium -192  and thulium -170, 
are used for radiography, for  sterilization  and for the initiation of chemical 
reactions. The use o f radioactive tracers  has also been applied extensively 
in engineering and m etallurgy, and in the investigation of industrial plant 
p r o c e s s e s .

Some typical exam ples of the isotopes used in industrial p rocesses  are 
given in Table II.

Industrial uses of rad ioisotopes are receiving increasing attention and 
a com prehensive survey has been ca rr ied  out recently  by the Agency [10]. 
The survey shows som e of the savings which can be achieved from  the appli
cation of radioisotopes to industry. The findings are summarized in Table IIL

Finally, the application of radioisotopes to problem s in agriculture and 
hydrology well illustrate the use of radioactive material as a tool of research 
and its value to countries where an increasing population demands the proper 
developm ent of food  and w ater re so u rce s  [14 -19 ], Some exam ples of the 
isotop es used in agricu lture and hydrology are given in T able IV.

The ex ten t o f  ra d io iso top e  consum ption

G enerally  speaking, the m ore  a country is  industria lized  the greater 
is the extent of its consumption of radioisotopes. In 1963, for example, iso 
tope consumption per capita was twice as high in the United States of Am erica
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TABLE I

SUM M ARY OF M EDICAL A PP L IC A T IO N S OF RADIOISOTOPES

Blood c e ll  labelling 

Bone scanning 

Brain scanning

Cardiac output

Cardiac shunts (d iagnosis) 

Cerebral b lood flow

Chondrosarcoma (radiotherapy) 

Circulatory studies

Copper m etabolism

Fluid volum e — (extracellular)

— (total)

Gastro-intestinal tract studies —

Blood loss 
Fat absorption

Protein loss 
Vitamin B12 uptake

Intraocular tumours (diagnosis) 

Iron m etabolism  

Kidney function

Kidney scanning

Chrom ium -51
DFP-32P

C alciu m -47
Strontium-85

A rsenic-74
Bismuth-206
Copper-64
Chlorm erodrin-197Hg and 203Hg 
131-Radioiodinated Human Serum Albumin 
Iodinated polyvinyl pyrrolidone-125I and 131I 
Technetium -99m

131-Radioiodinated Human Serum Albumin 
Sodium -24

Krypton-85

Iodoantipyrine-125I and 1S1I
Krypton-85
Xenon-133

Sulphur-35

Chrom ium -51
131-Radioiodinated Human Serum Albumin 
Sodium -24

Copper-64

Bromine-82 
Sodium -24 
Sulphur-35

Iodoantipyrine-125I and 131I 
Tritiated water

Chrom ium -51
Iodinated o le ic  a c id -125I and 131I 
Iodinated trio le in -125I and 131I

125t nr%A 131'Iodinated P. V .P . - I and iaiI 
C yanocobalam in-57Co and 58Co 
H ydroxocobalam in-57Co and 58Co

Phosphorus-32

Iron-55 and 59

o -iodohippuric a c id -125I and m I
Sodium diatrizoate-125I and 131I 
Rubidium-86

Chlorm erodrin-197Hg and 203Hg
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TABLE I ( c o r n 'd )

Leukaemia (radiotherapy) Bismuth-206
Phosphorus-32

Liver function Gold-198
Rose B engal-125!  and 131I

Liver scanning Rose B engal-125! and 131I 
Technetium -99m

Lung function Xenon-133

Lymphatic irradiation Iodinated triolein in ' Lipiodol'

Osteom yelitis (diagnosis) C alcium -47

Paget’ s disease (diagnosis) C alcium -47

Pancreas scanning L- Selenomethionine -  75Se

Peritoneal effusions (radiotherapy) Gold-198 collo id
Yttrium-90 collo id
Zirconium  phosphate-32P collo id

Pernicious anaemia (diagnosis) C yanocobalam in-5,Co and s8Co

Pleural effusions (radiotherapy) See peritoneal effusions

Polycythem ia vera (radiotherapy) Phosphorus-32

Potassium m etabolism Potassium-42

Sodium m etabolism Sodium-24

Thyroid disorders (radiotherapy) Sodium iodide (131I j  in jection  and Solution

Thyroid function Sodium Iodide (131I) in jection and Solution 
Iod ine-I31I Diagnostic Capsules

Thyroid function (in vitro tests) L -T hyroxine-125I and 131I
L-Triiodothyronine-125I and 131I

Thyroid scanning Sodium Iodide (131I) Injection and Solution
Technetium -99m

W ilson's disease (diagnosis) Copper-64

as in the United Kingdom, and in the latter it was twice as high as in France. 
The pattern of isotope use is  sim ilar in all countries and always shows that 
the greatest use is  in m edicine, with resea rch  and industrial applications 
making their appearance la ter and in sm aller amounts. The utilization of 
isotop es  in a country which is  undergoing developm ent gen era lly  tends to 
be low er: this can readily  be understood since the use of rad io isotopes in 
m edicine, in industry and in research  requires.a basic minimum of industrial 
attainment. At a sym posium  organ ized  by the A gency in O ctober 1961 on 
the P rogram m ing and U tilization o f R esearch  R eactors  [23], figures were 
presented for the average consumption of isotopes by a country with a popu
lation o f 10 m illion  inhabitants. The figu res  are reprodu ced  in T able V .

The radioisotopes cited are used alm ost entirely for m edical purposes 
and their value at the international p r ice s  prevailing  in 1961 is  estim ated
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ISOTOPES USED IN INDUSTRIAL PROCESSES

TABLE II

Radioisotope Industrial applications

14C, 144C e, 9°Sr, 192Ir, 137Cs 

60Co, noTm , 204T1, 106R u ,  85Kr

Thickness gauging

137Cs, 60C o, 85Kr, 90Sr, 2MT1, 144Ce Density gauging

60C o, 137Cs, 90Sr, 85Kr Level gauging

Ra-Be, " A m ,  21°Po, 137Cs, 239Pu, 

60C o, Ra

Logging devices

137Cs, soC o, 192Ii Radiography

3H, 14C, MNa, 32P, 82Br, 35S, 45Ca, 

51Cr, 46Sc, 55Fe, 58C o, ffiZn, 85K r, 

86Rb, 131I, u om Ag, 198A u, 203Hg, 

210Po, 147Pm, 124Sb

Tracing

at $ 10 000. T his lev e l o f consum ption can be taken as a usefu l guide fo r  
developing re a c to r  ce n tre s .

The utilization of radioisotopes requires not only well-developed medical 
institutions but som e auxiliary se rv ice s  such as e lectron ics  and health 
p h ysics . T hese se rv ice s  are essentia l b e fore  significant p rog ress  can be 
made in the use of isotopes fo r  both m edical and other purposes. Although 
international suppliers offer a large choice of appropriate electronic equip
ment it can only be used if  adequate servicing and repair facilities are avail
able within the country. A new reactor centre com m only provides such ser
v ices  and therefore acts as a nucleus for  radioisotope development.

The lega l con tro l o f  health and safety, when using ra d io iso top es  and 
radiation , is  a m atter which som etim es r e s tr ic ts  the in itial developm ent 
of the use of radioactive m ateria ls. It is advisable to establish som e form  
of legislation  at an early  stage since risks can go undetected in the absence 
o f specia l training and the use o f specia l instrum ents. In this context, the 
A gency  has a lready published much of the n ecessa ry  in form ation  [24 -26 ],

F in a lly , it is  essen tia l that those handling ra d ioa ctive  m a ter ia ls , 
whether in the form  of sealed or unsealed sou rces , should have the n ecessary  
training: th is can m ost read ily  be acqu ired  in one o f the m any cou n tries  
which now organ ize  rad io isotop e  co u rse s  in Isotope S ch oo ls .
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TABLE III

SOME SAVINGS FRO M  THE A P P L IC A T IO N  OF 
RADIOISOTOPES TO INDUSTRY 

($ m illion )

24 countries 
(1961-1963)

USA
(1963)

USSR
(1961)

Total

Gauging 2 6 .7 - 4 3 .4 35.2  - 5 0 .4 i o o a) 1 6 2 -1 9 4

Radiography 1 2 .1 -2 8 .9 4 . 0 -  7 .6 22 3 8 -5 8

Ionization 1 - 2 b) _ b )
1 -  2

Tracing ~ 1 0  -4 0 2 7 . 0 - 4 8 c) 5 8 a) 95 -1 4 6

TOTAL ~ 4 9  -1 0 4 66 -1 06 180 296-400

The exact distribution o f  savings in gauging and tracing is not known. 

Included in other groups.
c )

Includes also certain gauging and ionization applications.

Som e p ro b lem s  o f  the lo ca l production  o f  ra d io iso to p es

Although sm all amounts of radioactive m aterials can be produced with 
neutron generators or with other types of a ccelerators , a local radioisotope 
production program m e depends essentia lly  on the availability of a nuclear 
reactor. This Manual considers only those radioisotopes which can be pre
pared  by m eans of a r e a c to r . C learly , although im portant, rad ioisotope 
production by itse lf does not justify the construction and operation of a re 
actor: this function can only be part of an integrated resea rch  program m e. 
The m ulti-purpose use o f reactors  is typical o f the actual situation in m ost 
nuclear cen tres. It is  a lso  c lear  that the type of reactor w ill determ ine to 
a large extent the possib ilities for  radioisotope production. A report by the 
Agency [27] includes a review  of reactor-based  isotope production and com 
ments on the suitability o f different fa c ilit ies . G enerally speaking,- the 
sw im m ing-pool type o f reactor, used mainly for  research  purposes, is  the 
m ost suitable type o f rea ctor  fo r  isotope production. Its main advantages 
are the ability to introduce sam ples into the rea ctor  co re  fo r  h igh-flux ir 
radiation, and the ability to load hot sam ples under water; The ease with 
which pneumatic tubes can be introduced is  of value for short irradiations.

The availability of a reactor for isotope production is  usually governed 
by the extent to which it is  used for other resea rch  p ro je c ts . F urther, it 
should be recogn ized that one type of reactor is not ideal for the production 
of all radioisotopes: the large production of cobalt-60 or tritium will present 
difficulties for the sm all reactor centre. In practice, except in unusual 
circum stances, it is unreasonable for  a sm all reactor centre to try to make 
all types of radioisotope with a research  reactor.



TABLE IV

E X A M PL E S OF ISOTOPES USED 
IN A G R IC U LTU R E  AND HYDROLO GY

Isotope Agriculture

14C, 27Mg, 32P, 35S, 42K, 45Ca, 52Mn, Soil, plant and anim al nutrition

MMn, 56Mn, S5Fe, 59Fe, 60C o, “ Cu,

65Zn, 89Sr, 90Sr, 99Mo, 137Cs

1SN , 32P Fertilizer placem ent

3H, 36C1, 38C1 Water m ovem ent

Ra-Be, Po-Be, A m -Be neutron sources Percentage soil moisture determination

2zNa, MNa Soil and anim al water volum e determination

131 j Anim al pathology and nutrition

3H, 14C, 22Na, “ Na, 32P, 35S, 36C1, 38C1, Entomology

42K, 45Ca, ^ S c, 52Mn, 54Mn, 56Mn, 55Fe,

59Fe, e tc .

74As, 76A s, 14C Weed control

Hydrology 

Surface water

m I, 82Br, 198A u, sH, “ Na Water stream gauging (discharge 
measurement)

82Br, 131I Effluents from waste disposal

86Rb, 140Ba, 140 La, 46Sc, 198Au Sediment transport; bed load sediment 
by tagged particles
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TABLE IV (c o n t 'd )

Ground water

Be-Ra, Be-Po, B e -^ 'A m Percentage soil moisture

neutron sources

3H, 51Cr (com p lexed ), 60C o (com plexed), Ground water tracing

58C o (com plexed), 82Br, 35S (as sulphate)

82Br, 131I, 3H Ground water velocity

131̂  nom Ag Ground water direction

A com m ent should be made here about the running of the re a cto r . It
is unusual to keep a research  reactor in operation without some interruptiona
R adioisotope production , on the other hand, req u ires  a certa in  degree o f
continuous running and regularity of reactor cycle . It is  therefore essential
when a production program m e is drawn up to be able to re ly  on som e

TABLE V

A V E R A G E  CONSUM PTION OF ISOTOPES
(P opu lation  o f 10 m illion  inhabitants)

Radioisotope Annual consumption
(C i)

131 j 5 - 1 0

198A u  (co llo id a l) 5 - 1 0

32p 1 -  2

(m C i)

51Cr 100 -  150

“ Na 100

®sFe 2 - 5

35S up to 200

14c up to 50
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measure of regularity of reactor operation and also to allow for the inevitable 
occasional interruption in the reactor schedule.

Apart from  the reactor, it is also essential to have sufficient in the way 
o f ancillary  se rv ice s , such as health ph ysics , nuclear e le ctron ics , w ork
shops, analytical s e rv ice s  and counting room s , e tc . A m inim um  o f p ro 
cess in g  labora tory  space w ill a lso  have to be provided .

It is also useful at this point to consider, before an essentially localized 
isotope production program m e is started, the possib le advantages of estab
lishing a la rg er  regional centre fo r  isotope production and distribution  or 
one in which severa l cen tres em bark on a co -ord in ated  program m e, each 
carrying out that part to which its facilities are-best suited. Either of these 
schem es can of cou rse  only exist where efficient com m unications allow. A 
regional centre undoubtedly leads to a great saving in money, facilities and 
m anpower and should be m ore  e fficien t than a national cen tre  due both to 
the larger market it can supply and to the larger pool of scientific experience 
available to it. The extra degree o f specia lization  which each part o f the 
reg ion  can'then achieve a lso  has som e advantages.

There is  undoubtedly much to be gained in establishing a national isotope 
production program m e. A s has been shown in many countries already, it 
stim ulates a m ore  rapid growth in the use of ra d io isotopes. It provides a 
good training ground fo r  scientists who, once qualified in these techniques, 
can give advice to new custom ers and assist them in their projects. Radio
isotope production acts as a stimulus to other research  activities.

Some of the d ifficu lties of establishing a lo ca l isotope production p ro
gram m e must, however, be recogn ized . F rom  the econom ic point of view, 
local production will always cost m ore than importation from  large suppliers 
who have the means and volume of production to operate m ore econom ically. 
A re se a rch  re a cto r  w ill never produce a ll the isotop es  needed, and such 
products as cobalt-60  for  cobalt therapy, carbon-14 and tritium , which re 
present a la rg e  p roportion  of the demand, requ ire  irrad iation  conditions 
which cannot be m et in a conventional re se a rch  re a c to r . S im ilarly , the 
labelled compounds required in research  are so varied that it is im possible 
to make reasonable  p rov ision  fo r  the production of all that may be needed 
in a p articu lar country . It is  th ere fore  usual fo r  new re a c to r  cen tres  to 
embark first on the production of short-lived  radioisotopes where transport 
from  a distant p rod u cer is  re la tive ly  co s tly  and inconvenient. H ow ever, 
in view  o f the speed o f a ir  tran sport, even this com m ent is  valid  only fo r  
isotop es  with a h a lf- life  o f about 30 h o r  le s s .

A ll things considered, the loca l production of radioisotopes will be able 
to sa tisfy  only a fraction  o f the national demand, say about half, s in ce  it 
has often been observed  that the com m encem ent of dom estic production 
stimulates the demand for m ore, and less  accessib le , radioactive m aterials. 
Thus, if national production is  considered  n ecessary  for  short-lived  radio
isotopes, or valuable in prom oting the use o f radioactive methods, its lim i
tations and cost must be appreciated. The decision  to start should only be 
the resu lt o f a deliberate ch o ice , though it m ay be influenced by politica l 
and other considerations. Scientific prestige, lack of foreign currency, in
dependence from  foreign supply and other such considerations must be care
fu lly  weighed against co st in te rm s o f m oney and sc ien tific  manpower 
requ irem en ts.
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The extent to which radioisotope production can be undertaken at a par
ticular reactor centre depends very much on the general policy at that centre 
and the size  o f the total effort available to the whole program m e. Isotope 
production will usually be only one of the many projects based on the reactor 
and the choice o f which radioisotopes to produce will to som e extent depend 
on the nature o f the other work undertaken. If it is planned to start with a 
laboratory  which produ ces only the sh ort-lived  rad io isotop es, this can be 
a relatively  sim ple and inexpensive operation. The next stage of develop
ment, involving a larger range of isotopes, particularly those used in medi
cine, needs a larger and much m ore costly  facility.

It is an advantage to prepare the way for  lo ca l production by importing 
ra d io iso top es  from  other re a cto r  cen tres a long tim e in advance o f lo ca l 
production. In this way the u sers  can be made fam iliar with the problem s 
of rad ioisotope handling and experience can be gained by health physicists, 
technicians and others who will eventually be concerned with production. At 
th is stage elem entary  safety regulations can be w orked out and fo rm s  of 
con trol can be p ractised . When loca l isotope consum ption reaches a level 
w here severa l cu stom ers are im porting the sam e m ateria ls routinely and 
frequently , the point is  reached  where som e fo rm  o f cen tra l d istribution  
becom es possible and econom ic. According to the Agency Report (Technical 
R eports Series No. 19 [28]), considerable savings can be made by grouping 
o rd e rs  together. If there are  at least three establishm ents rece iv in g  de
liv er ies  at the same tim e, savings can achieve as much as 50% of the sepa
rate co st. Any central dispensing and distribution developed at this stage 
can later be incorporated  into the lo ca l production program m e. The c r e 
ation o f such a distribution centre has other advantages. It enables those 
con cern ed  d irectly  with the work to keep u p -to -d a te  on the exact state of 
the radioisotope demand and to forecast its development through the contacts 
established with u sers . It also makes fo r  greater e fficiency  in the super
v ision  o f p rotection  and all m atters o f safety, since a ll u sers  within 
the country w ill be known.

F inally, the training o f scientific and technical personnel is a problem  
w hichim ust be faced  at an early  stage. V is its  to o v ersea s  la b o ra to r ie s , 
v isiting  fe llow ships to organizations using rad io isotop es  and consultation 
with the Agency are som e of the ways in which this can be done. Sufficiently 
long training periods should be allowed fo r  each individual, say one year, 
and it is  im portant to arrange training not only fo r  those staff d irectly  in 
charge of radiochem ical work but also for those responsible fo r  the design 
and construction of laboratories and equipment.
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2. ANALYSIS O F A  RADIOISOTOPE PRODU CTION PRO GRAM M E

Once it has been decided to establish a rea ctor  centre and a positive 
d e c is io n  has been m ade to produ ce  ra d io iso top es  lo ca lly , the im m ediate  
subsequent step is  to ca rry  out a detailed analysis o f  the aim s o f  the p ro -  
gram m e; to survey the loca l needs fo r  radioisotopes, and to study the p ro s 
p ects  fo r  th e ir  u tilization  at variou s stages as the p rogra m m e d e v e lo p s . 
These p relim in ary  steps are o f  great im portance, since they w ill form  the 
basis for a working plan, and, where possib le , the survey should be carried 
out with the aid o f experts.

The rate o f developm ent o f a radioisotope production program m e will 
depend p r im a r ily  on the extent o f  u rgency  and support that it is  given  by 
the controlling  authorities. A  prerequ isite  fo r  the p rop er  im plem entation 
o f  such a p rogram m e, i f  it is  to be a p ositive  fa ctor  in the econom y 
and technical p rogress  o f a country, is the preparation and tim ely execution 
o f a m aster plan along the following lines:
(a) Training to be ca rried  out o f skilled personnel, e sp ecia lly  chem ists, 
who are  capable o f  ca rry in g  out a production  p rogram m e and corre la tin g  
it with a re se a rch  and developm ent p rog ra m m e.
(b) R adioisotope techniques and basic  nuclear concepts to be introduced 
into the curricu la  o f  higher educational institutes. C ourses in radioisotope 
techniques to be organ ized  fo r  students, tea ch ers , ph ysician s, scien tists  
and engineers, and a cadre o f  scien tists capable o f  using radioisotopes fo r  
industrial, agricu ltural, hydrological and other applications, to be form ed.
(c ) D epartm ents o f  m ed ica l institutions to be organ ized  fo r  the use o f  
ra d io iso top es  fo r  therapy and d iagn osis .
(d) A broad radioisotopes prom otion program m e to be started among other 
potential u sers in industry and research .
(e) R adioisotope production  and developm ent fa cilit ies  to be constructed 
near the rea ctor  and the n ecessa ry  equipment acquired.

The d irection  which the radioisotope production and development p ro 
gram m e w ill take, its rate o f  p ro g re ss  and its goals w ill be different, fo r  
each  country, depending on lo ca l conditions such as the nature o f the 
econom y, its state o f development, the availability o f scientists, engineers 
and technicians, and the potential needs and capacity fo r  utilizing isotopes 
in m edicine, industry, agricu lture and other branches o f  applied and pure 
s c ie n c e .

The shortage o f skilled manpower is  a m ajor problem  in all developing 
countries. The main obstacle to realizing a scien tific and engineering p ro 
je c t , such as a rad io isotope  production  p rog ra m m e, is  the acute la ck  o f 
personnel firstly  during the early  planning stages and later for the execution 
o f the program m e. A first step must therefore be the selection and training 
o f suitable people. Two types o f personnel are necessary  for the production 
o f  rad io isotop es. The firs t is  the radiochem ica l engineer who ca rr ie s  out 
the production and the p rocessin g  of isotopes on a routine basis . His back
ground is  p re fera b ly  chem istry , o r  chem ica l engineering with som e basic  
knowledge o f  rad ioch em istry . A period  o f six  months to one year training 
in radioisotope production and p rocessin g  with an overseas group operating 
in the isotope field should be sufficient to prepare him to carry  out his duties.
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The oth er type o f  p erson  needed, e sp ec ia lly  in the developm ent stages o f 
a radioisotope program m e, is  a skilled radiochem ist. His education should 
be m ore  thorough, both in ch em istry  and nuclear p h y s ics . A man with a 
postgraduate degree is to be p re ferred . Six months to one year o f additional 
training in a rad ioisotope developm ent and production  group, o r  with a 
nuclear chem istry group, is usually sufficient to provide him with the neces
sary  p ractica l experience. Such a person  should be in control o f  the radio
isotope production and development team . The training o f skilled supporting 
techn icians can usually  be done lo ca lly  on the jo b . The c lo se  associa tion  
o f  an engineer concerned  with the prob lem s o f  rem ote con tro l operations, 
shielding and other specia lized  equipment design, is  o f great assistance; 
he w ill a lso requ ire appropriate training.

The s iz e  o f  the rad io isotope  team  depends on whether it is  c lo s e ly  
connected to a nuclear and rad ioch em istry  re sea rch  group, in which case 
the num ber o f  people providing se rv ice s  can be kept to a m inim um , o r  
whether the team operates independently and has to be large enough to deal 
with routine serv ices , with development with research, and trouble-shooting. 
The presen ce  o f  an analytical ch em istry  group is  helpful in this context, 
otherw ise the rad ioisotope group w ill need to ca r ry  out analytical con tro l 
operations as w ell as its other duties. A s a gen era l ru le  it is  advisable 
to start with a group o f about four ch em ists, two em ployed on routine p r o 
duction, assisted  by two technicians, one on development and one on quality 
control m easurem ent and standardization. To a certain extent, it is  also 
advisable to interchange the peop le  doing different types o f  w ork  to make 
them m ore fam iliar with and competent in all aspects o f the team 's function. 
A s the program m e expands m ore people may be added to the team, but over- 
staffing should naturally be avoided. This interrelation  o f  staff functions 
is  re ferred  to again la ter.

The use o f  radioisotopes always begins in m edica l institutions, which 
do not depend on lo ca l supplies a lone. Many o f  the com m on radiopharm a
ceutica l preparations are  re la tive ly  lon g -lived  and th eir  im portation is 
com m on. This m ay rem ain the case even a fter a lo ca l program m e is e f 
fe c t iv e . Com m encem ent o f the lo ca l production  and distribution o f  ra d io 
isotopes w ill on ly  a lter in degree the need fo r  further fa c ilit ies  and equip
m ent. Some additional training and experience fo r  the m edical staff might 
be needed, but this can be supplemented loca lly  by a visiting expert and by 
top ica l cou rses .

The situation with regard to the industrial applications o f isotopes is 
d ifferent from  that in m ed icin e . The use o f  sealed  sou rces  fo r  industrial 
applications w ill generally be independent o f a lo ca l radioisotope production 
p rog ra m m e fo r  a long t im e . Though it is  im portant to develop  such 
industrial uses, it should be recognized that they are fa ir ly  specialized  and 
ca ll fo r  advanced types o f  radiation  so u rce s , which are  usually  supplied 
by specialized m anufacturers. The situation is different for industrialtracer 
applications which are o f  an in vestigatory  nature, the tr a c e r  technique 
usually being em ployed to determine p rocess  param eters o r  plant dynamics. 
Such tra ce r  applications requ ire experienced staff equipped with the n eces 
sary  m on itors  and m easurem ent equipment and who are fa m ilia r  with the
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particu lar system  under investigation. The training in different industrial 
applications o f severa l such persons fo r  about a year is  desirable .

In general term s, the greatest benefit from  the applications o f rad io 
isotopes is  achieved when lo ca l production is  supplemented by a broad edu
cational and prom otional program m e.

Stages in the developm ent o f  a production program m e

Construction o f the radioisotope handling and processing facilities can 
be undertaken in stages accord in g  to the production  and developm ent p r o 
gramme decided on and according to the levels o f radioactivity to be handled. 
A m odest p rogram m e o f  isotope production  w ill obv iou sly  requ ire  on ly  a 
lim ited  amount o f equipment whilst an am bitious program m e w ill requ ire 
a hot labora tory  with v ersa tile  fa c ilit ies  and a stockpile o f  equipm ent. It 
is  difficult to make specific  recomm endations in this connection but guidance 
fo r  a s ta ge -w ise  developm ent o f  a rad io isotope  p rogram m e is  outlined in 
what fo llow s.

Stage 1

The program m e should start with custom  irradiations and the supply 
o f  u nprocessed  iso top es , such as sod iu m -24 , p ota ss iu m -4 2 , b rom in e-82  
and gold-198 seeds. The operations involved consist m ainly o f irradiation, 
in a pneum atic "rabb it" o r  in sealed aluminium o r  quartz v ia ls , inside the 
reactor core , and occasionally  subsequent dissolution o f the irradiated target, 
o r  som e sim ilar sim ple chem ical operation such as precipitation o r  e lectro 
plating. At tim es it m ay be n ecessa ry  to prepare an isotope as a radiation 
sou rce .

C alibration  o f  the preparation  to a requ ired  p re c is io n  is  o f  sp ec ia l 
im portance. The supply o f  standard and re feren ce  sou rces might form  an 
additional usefu l s e rv ice  and could be extended to include the ca libration  
o f im ported radioisotopes. At this stage, the aim should be to achieve confi
dence and experience in the basic radiochem ical procedures. Most operations 
could be carried  out with sim ple equipment such as gloves, tongs and a few 
lead bricks in a fume hood -  possib ly  the occasional use o f a glove box. The 
le v e ls  o f  rad ioactiv ity  should not exceed  a few  m illicu r ie s  o f  sh ort-liv ed  
isotopes (T| < 3 d). This stage o f p rogress  w ill m eet som e o f the needs for 
sources and tracers  in research  and for industrial studies, while the medical 
u ses w ill be quite lim ited  to preparations which can be further treated at 
the hospital's own laboratory (e .g . sterilization) o r  used mainly for external 
purposes and for ora l administration.

Stage 2

Production involving the simple processing  of short-lived isotopes (< 3 d) 
should generally follow  after six months' to one year's  experience o f the first 
stage. In som e instances this stage can overlap  the fir s t , e sp ec ia lly  
in centres which are interested in launching an accelerated program m e, o r  
in countries which have a low  demand fo r  isotop es other than fo r  m ed ica l 
u se . It should be em phasized that such a short cut req u ires  w ell-tra in ed
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and experienced personnel and the assistance o f experts. Additional op er 
ations tp those mentioned prev iou sly  consist o f  sim ple chem ical treatment, 
the increase o f radioactivity levels to a few tens o f m illicuries, or  the sterili
zation o f preparations and their supply in readily  usable form s, such as in 
m ulti-dose vials for m edical use. Products for  injection, which fall in this 
category  are , fo r  exam ple, isotonic and sterile  solutions o f  sod iu m -24, 
potassium -42, copper-64, arsenic-76, gallium-72, fluorine-18 and bromine-82. 
Although this stage p rov ides som e isotopes fo r  m ed ica l use, the m ore  
com m only -u sed  isotopes in m edicine are not included, since th eir  p rep a 
ration is m ore  com plicated and a substantial amount o f experience must be 
gained before  their inclusion in a routine supply p rogram m e. It is  advisable 
to concentrate at this stage on studying sim ple labelling, Szilard-C halm ers 
separations and other processin g  procedures for later possib le  introduction 
into routine production . Of sp ecia l im portance is  the study o f p roced u res 
fo r  preparing isotopes o f high sp ecific  activity . Attempts should be made 
to prom ote industrial and research  uses o f short-lived  isotopes, especia lly  
fo r  tracing purposes.

Although the demand fo r  these sh ort-lived  isotopes only amounts to a 
sm all p rop ortion  o f  the total dem and, its im portance m ust not be u nder
estimated; these products often serve to stimulate the introduction o f radio
isotope techn iques. The m anipulation o f  unsealed sou rces  and the use o f 
sh ort-lived  isotopes is  an excellent apprenticeship since the risk s a s s o c i
ated with them are obviously sm all by com parison  with those arising from  
long-lived  m ateria ls.

The fa c ilit ie s  n ecessa ry  fo r  this stage o f production  con sist o f  sem i- 
hot laboratory  room s with sufficient space fo r  severa l 5 to 10-cm  lead- 
shielded benches, fume hoods and one o r  two glove boxes. Most operations 
can be carried  out with tongs and beakers but som e w ill require through- 
th e -w a ll tongs and rem ote view ing through lead g lass b r ick s  o r  m ir r o r s . 
Standard p roced u res  o f  bottling, steriliza tion  and standardization m ust be 
p ra ctised . Only a fter su fficient experien ce and con fidence is  achieved in 
p roper execution o f this stage can the operation be scaled up to the third 
stage.

Stage 3

This stage is  concerned with the production o f p rocessed  radioisotopes 
o f  relatively  short h a lf-liv e s , and with the specia l preparations o f  lon ger- 
lived  iso top es . The recom m endation to include lon g-lived  isotopes re fers  
to such products fo r  which either their specifications and availability from  
other sources are not satisfactory, o r  loca l demand is high and the production 
e ffort is  ju stified . P ro ce ss in g  fiss ion  products, o r  the production  o f i s o 
topes o f  high tox ic ity  which requ ire  sp ec ia l p recau tion s , should s t ill be 
avoided .

Radiopharm aceutical preparations o f  specia l im portance at this stage 
a re , fo r  exam ple, co llo id a l go ld -198 , N eohydrin m ercu ry -1 9 7  and 
technetium-9 9m . The production o f special form s o f phosphorus-32, sulphur- 
35, ch rom iu m -51 , coba lt-58  and cobalt-60  m ight a lso  be worth w hile. A 
grea ter  demand fo r  such preparation s might a r ise  from  sp ecia l in terests
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in m edicine, agriculture, hydrology o r  industry. In this connection, simple 
labelled  com pounds might a lso be considered  but. preparation should be 
lim ited to specia l needs which justify  the e ffort.

Another kind o f  activity  to be included in the program m e at this stage 
is  the establishm ent o f  a cen tra l d ispen sary  fo r  im ported  iso top es  which 
a re  in frequent and w idespread  dem and. T h is function could resu lt in a 
substantial saving in the cost o f shipments from  outside the country as well 
as m inim ize inefficient use and waste. Isotopes such as iodine-131, iodine- 
125, ph osphoru s-32, and su lphur-35 are exam ples o f  those which might be 
included in the central im port and dispensary serv ice  o f a radioisotope p ro 
duction program m e at this tim e. A carefu l econom ic appraisal should a l
ways be made before such an additional function is included in the programme.

At this stage the production  group can no lon ger be housed in sim ple 
tem porary  accom m odation  and a sp ec ia l hot labora tory  is lik e ly  to be r e 
quired. The different facilities and equipment needed for such a programme 
are discussed in detail in Section 3.

The stages o f  developm ent and the s ca le  o f  each  stage p rop osed  fo r  
developing a radioisotope program m e are based on experience gained in 
several sm all reactor centres during the last decade. The recommendations 
have attempted to be ob jective and have taken account o f such factors as the 
econ om ics o f  maintaining a lim ited and balanced program m e versus an ex 
tensive o n e . Due con sideration  should be taken o f  the cost o f  putting 
scien tific  personnel, usually in short supply in developing countries, on to 
routine production and serv ices  rather than directing them to m ore important 
functions. L im ited sc ien tific  m anpow er needs to be care fu lly  con served . 
C onsiderable expenditure m ay be involved in constructing and operating a 
hot rad iochem ica l facility  fo r  producing isotopes, the purchase and im port 
o f  which is  com petitive and satisfactory. Iodine-131, carbon-14, cobalt-60, 
tritium  and caesium -137 are isotopes which m ay be mentioned in this con 
text. This is  e sp e c ia lly  true fo r  lon g -liv ed  isotop es o r  fis s io n  prod u cts . 
These criteria  are flexible to a certain extent and have to be considered to 
gether with lo ca l p o lic ie s  and circum stances before a decision  on their 
production  is  m ade.

Further expansion o f radioisotope production to include a wider spectrum 
o f isotopes than those recom m ended above, at higher levels o f activity, will 
requ ire  sp ec ia lly  designed hot fa c ilit ie s  and a la rg e r  sta ff. This m ay be 
p ra ctica l fo r  countries which are very  active in agricultural and industrial 
studies and have to m eet the supply o f isotopes to advanced m edica l in sti
tutions serving a population o f m ore than 20 to 30 m illion  people. The p ro 
duction o f substantial amounts o f iodine-131 o r  cobalt-60 on a routine basis 
o r  the la r g e -s c a le  separation  o f  fiss ion  produ cts requ ires  v e ry  advanced 
equipment, such as herm etically-sealed  ce lls , lead o r  heavy concrete shield
ing, and active w a ste -d isp osa l p rob lem s becom e se r io u s . T hese specia l 
fa c ilit ie s  becom e n ecessa ry  where the lev e ls  o f  rad ioactiv ity  handled and 
p rocessed  exceed the curie level. The facilities require skilled engineering 
and m aintenance p erson n el and the support o f a la rge  re a cto r  centre with 
an advanced nuclear resea rch  and engineering p rogram m e. This sca le  is 
beyond the scope o f  this Manual.



The aim should be to maintain a balanced and restrained production p ro 
gram m e and each new extension o f the program m e should be given carefu l 
consideration .

Som e m ention  should be m ade h ere  o f  the re s e a rch  and developm ent 
work associated  with a production p rogram m e. Two m a jor  m otives should 
be con s id ered : f ir s t , the need to find new o r  m o re  suitable m ethods fo r  
producing the requ ired radioactive p reparations; and second , the need to 
maintain an atm osphere o f scientific satisfaction and to encourage hew ideas 
and radioisotope application. Such an attitude avoids stagnancy o f  existing 
person nel and w ill a lso serve  to attract good p eop le . A p ositive  and lon g 
term  view should be taken o f the balance between research  and development 
on the one hand and the need fo r  produ ction  s e r v ic e s  on the o th e r . Con
siderable em phasis should be given to research  and developm ent activ ities, 
and in this connection mention should also be made o f the advantage o f seek
ing co-operation  from  other regional centres in developing new methods and 
new applications. C o-operation  and co-ord ination  between c lo se ly -lo ca ted  
centres is  o f  great value and might make the production  program m e m ore  
e ffic ien t and econ om ica l as w ell as prov id in g  m ore  m om entum  fo r  
developm en t.

3. HANDLING AND PROCESSING FACILITIES

When planning an isotope production program m e at a newly established 
reactor centre, some of the first questions that arise are: What kind of equip
ment and fa c ilit ies  are rea lly  needed? Which o f the types com m ercia lly  
available are best suited to the desired production range? What do they cost?

It is assumed that the final goal of planning is to establish a routine pro
duction of radioisotopes mainly fo r  m edical and agricultural use on a scale 
sufficient to cover  the demand of a country where radioisotope methods are 
in current use. A considerable  fraction  of any future requirem ents of 
industry, and fo r  the physical and technical sc ien ces , fo r  instrumentation 
and radiography sou rces, etc., could be met by m inor additional investment.

A program m e like this can be gradually developed along the lines des
cr ibed  in Section 2, and the fir s t  stage, the preparation  of sh ort-liv ed  un
processed  isotopes or targets d issolved in water or m ineral acid solutions, 
can be established at relatively  m odest cost. The second stage of the p ro 
gram m e can usually be achieved by putting up som e additional equipment 
within the existing chem ical laboratory. Such a laboratory will in most cases 
be provided at the various reactor centres.

The third stage, the production of radioisotopes m ost comm only used in 
m edicine and agricu lture, involves considerably  m ore  investm ent, as this 
production leve l requ ires a laboratory  facility  specia lly  constructed fo r  the 
purpose. However, this does not mean that the erection of a completely new 
building is  unavoidable; often good conventional chem ica l laboratories  can 
p rove  v e ry  usefu l as accom m odation  fo r  a sm a lle r  plant. If plans are to 
proceed to the third stage, and sufficient money can be raised, it is strongly 
recomm ended that the question of laboratory design be looked into at an early 
opportunity. This can be done by utilizing the experience of centres which
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have already developed their isotope production facilities following schemes 
sim ilar  to those sketched in the previous chapter. If detailed plans for the 
isotope labora tory  are decided upon before  the program m e is started, the 
training and development through the introductory stages can be undertaken 
during labora tory  construction , with the equipment that la ter  w ill be part 
o f the com pleted fa cility . In this way much tim e and m oney can be saved.

Irradiation fa c ilities

The n ecessary  irradiations are assumed to be carried out in a medium
sized research  reactor. It is preferable that the needs for radioisotope p ro
duction should be considered during the design of the reactor, thus avoiding 
prob lem s that might a rise  la ter. Usually irradiation  containers, transfer 
system s, etc., must be specia lly  designed to fit both the reactor irradiation 
fa c ilit ie s  and the p rocess in g  equipment, and it is o f great advantage to be 
able to plan the entire concept at one tim e.

F or the range of isotope production as envisaged in this Manual, an e f
fective irradiation volume of about 5 litres, with an average thermal neutron 
flux of 102 n /cm 2s w ill be n ecessary . If the average neutron flux available 
fo r  target irrad iation  is higher than 1012 n /c m 2 s, this volum e can be r e 
duced. In addition, irradiation  positions with a low er flux should be p ro 
vided, e . g .  in a therm al colum n. The neutron flux distribution within the 
irradiation  fa c ilit ies  should be carefu lly  plotted.

F or irradiation in moderate and low neutron fluxes no special equipment 
w ill be required beyond that n ecessary  to locate  the targets in their proper 
position. F or fluxes around 1013 n /cm 2s and higher, however, the problem  
of nuclear heating becom es significant. The attenuation of gamma rays may 
cause the tem perature of targets to r ise  to severa l hundreds of degrees 
centigrade. This w ill, to som e extent, restr ict the selection  of chem icals 
to be irradiated, and in som e cases cooling of the targets must be provided. 
The heat evolution m ay a lso  be reduced by fixing the target cans, to a firm  
support during irrad ia tion , to im p rove  the heat conductiv ity  co n d it io n s .

If the reactor is of the tank type, the irradiation facilities usually con
s is t o f a ir - f il le d  horizontal o r  v e rtica l tubes penetrating the rea ctor  core  
o r  the r e fle c to r . T o  secu re  the best p oss ib le  u tilization  of the available 
channels the effective diam eter should be from  30 to 50 mm. Arrangements 
should be made to be able to unload the reactor frequently, preferably every 
day.

M ost reactors  have to be shut down during the loading and unloading of 
target m aterials and, to avoid waste of time, care should be taken in planning 
the handling equipment to secure rapid and convenient manipulation. Special 
equipment fo r  loading and unloading a reactor without shut-down, the so -ca lled  
"irrad iation  m ach ines", are available com m ercia lly , but the cost is con 
sid erab le , and to use such a dev ice  fu lly  requ ires a la rg e  production  
p rogram m e.

Irradiation  containers are made of aluminium, p re ferab ly  with a low 
content of sodium, manganese and copper. For most applications in reactors 
with "d ry "  channels, ord inary  cans with s cre w -ca p s , wall th ickness 0 .4 -
0.7 mm , are su fficient. M ost of the m aterials irradiated  fo r  radioisotope
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production  can be placed d irectly  into the aluminium cans. In som e ca ses , 
however, an inner container is necessary, for example if the target material 
is  lik e ly  to rea ct with alum inium  during irra d ia tion , o r  i f  the ta rget is  a 
very  sm all amount o f powder, which may be difficult to manipulate. Sealed 
quartz tubes or , fo r  shorter irradiation  periods (up to one week with a flux 
of 1012 n /cm ! s), sealed polyethylene can be used as an inner container. 
Standard irradiation  containers m ay be purchased com m ercia lly ; approxi
mate p r ices  are $0 .10 -0 .30  per  unit.

In reactors  o f the "sw im m in g -p oo l" type irradiations m ay be perform ed  
by low ering the target containers down into the water pool near the reactor 
c o re  in som e sort of basket. This type o f re a cto r  is  usually  m ore  easily  
adaptable fo r  irradiation  work and is m ore easily  m odified at a la ter stage 
than the tank type. On the other hand, im m ersin g  the target containers in 
w ater produ ces additional tech n olog ica l p ro b le m s . The irra d ia tion  con 
tainers must be sealed by welding and must also have heavier walls, other
w ise they will float to the surface of the w ater. Such target containers will 
also require m ore com plicated  equipment fo r  decanning.

T o m eet the requirem ents fo r  sh ort-tim e irradiations without shutting 
down the reactor too often, a pneumatic irradiation facility ( "rabbit" channel) 
w ill prove v ery  usefu l. A "ra b b it" fa c ility  is com m only  provided  fo r  r e 
search  purposes and can be used fo r  rad ioisotope production  during unoc
cupied p er iod s . The installation costs  fo r  a pneum atic irradiation  fa cility  
are approxim ately $20 000.

The transport of irradiated target cans from  the reactor hall to the is o 
tope production  la b ora tory  should take p lace in sh ielded con ta in ers. The 
type to be chosen fo r  this purpose will depend upon the distance between the 
irrad iation  and p rocess in g  fa c ilit ie s . If the distance is  short, up to a few 
hundred m etres, a sm all lead -sh ie lded  ca rria ge , housing four to eight 
irradiated  cans sim ultaneously, is  recom m ended. Such a carriage  can be 
purchased fo r  $1500. If the distance is of the order of several k ilom etres, 
shielded containers carried  by a truck, with lifting cranes fo r  handling, are 
p re fe ra b le . When irrad iated  m ateria ls are to be transported  outside the 
prem ises in which they are produced, the containers should,of course, com 
ply with the requirem ents for  the safe transport of radioactive m aterials [1].

Production equipment

The constituent parts of an isotope production facility are described later 
in this Section. Equipment of this kind is necessary to maintain a production 
program m e whether it is decided to p roceed  to stage 3 o r  not. The in tro
ductory stages in the developm ent o f a program m e are also d iscussed .

(a) P ro ce ss  en closu res and supports

T o prevent the uncontrolled  spread o f rad ioactive contam ination, the 
processing of radioactive m aterials requires a specially ventilated enclosure 
for each apparatus, the required volume per enclosure being about one cubic 
m etre. This basic idea of containment should be applied in planning all types 
o f rad ioisotope production la b ora tor ies , but the system  m ay vary, both in
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the en closu res used and in the manner in which they are arranged to form  
the whole plant.

The types of en closu res are:
Open fume hoods
Ventilated boxes with a lim ited opening fo r  hand a ccess  ("s lit  boxes") 
Sealed glove boxes working at reduced pressure 
Sealed redu ced -pressu re  boxes with rem ote handling equipment 
"M a ster-s la v e" manipulator ce lls

Equipment that is  as expensive as m anipulator ce lls  is  not n ecessary  
fo r  the type o f work proposed  in this Manual, but the other four types are 
a ll suitable.

G enerally, 0.5 m /s  is  adopted as the m inim um  linear a ir  ve locity  
through openings in a p ro ce ss  en closu re of this kind. An open fume hood 
m ay consum e as much as 1500 m3 a ir per hour to fu lfil this requirem ent. 
If the air has to be heated or cooled, the operation of a number of such hoods 
w ill be rather expensive and trou b lesom e. U ncertainty in the laboratory  
a ir  balance conditions is a lso  introduced, since the extent of the opening of 
the hood m ay vary  from  tim e to tim e. H ow ever, fume hoods are ideal for 
many types of inactive and low -activ ity  chem istry and will always be preferred  
by the laboratory personnel, since operations can be perform ed m ore easily 
and rapidly than in glove or slit boxes. They should therefore not be omitted; 
a lim ited number of hoods should be provided in locations where air balance 
conditions allow them.

Ventilated boxes with sm all hand openings are convenient, especia lly  
for p rocess  development work on the m icrocurie scale. It is also preferable 
to perform  the cleaning of contaminated glassw are and laboratory apparatus 
in a container of the slit box type.

Glove boxes m ay be used as en closu res fo r  work with low -en ergy  beta 
em itters like carbon-14 and sulphur-35, although efficiently ventilated fume 
cupboards are usually adequate fo r  such low -tox ic ity  isotop es. H owever, 
in the production of radioisotopes emitting gamma rays, the radiation level 
will be too high for  hand a ccess . Sealed boxes under reduced pressure, with 
rem ote handling tongs, are the most widely used enclosures in radioisotope 
production. The same type is well suited to dispensing work.

Some o f the boxes in the labora tory  w ill p robably  have to be shielded 
with a lead  w all. U sually 5 cm  th ickness is  su fficien t fo r  m illicu r ie  
quantities, but fo r  the preparation o f sodium -24, and perhaps also iodine-131 
in la rge  quantities, 1 0 -cm  lead thickness is  advisable. B oxes fo r  the p ro 
duction of pure beta em itters like phosphorus-32 and calcium -45 do not nor
m ally  need any shielding beyond that provided  by the box w all. F o r  large 
quantities o f h igh-energy beta em itters, however, about 1 cm  of lead is re 
qu ired  as a sh ield  against the brehm sstrah lung. L o ca l sh ield ing m ay be 
n ecessa ry  to reduce the intense |3 dose in dose p roxim ity  to the apparatus.

E nclosures may be constructed in severa l ways, and the choice of m a
teria ls may also vary widely. As a general princip le, the main parts of the 
side walls and roo f should be made o f transparent m aterial, methyl metha
crylate sheet (Perspex, P lexiglas) being ideal for  this purpose. A cheap but 
very  suitable type of production enclosure consists of a rectangular box made 
of ordinary m ild steel, 2 mm thick, which is covered by a good quality epoxy
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resin  paint. Suitable dim ensions are 1200 X 700 m m , with a height o f 900 
o r  1000 m m . The side walls and roo f of the box are cut away, leaving just 
a ledge which serves as support fo r  8-m m  Plexiglas windows. The windows 
are pressed  against air-tight rubber seals by means of a fram e with screw s 
or spring clips, and may easily be rem oved, permitting access for the main
tenance o f box equipm ent. O perations are ca rr ie d  out through one o f the 
la rg e r  fa ce s . Connections fo r  s e rv ice s  and effluent lin es are welded into 
the bottom  o f the box, o r  s e rv ice  lin es m ay be brought in through a panel 
in the top fa c e .

Many isotope produ cers p re fe r  p ro ce ss  boxes made entirely  of p lastic 
m ateria ls , the main structure being made o f polyvinyl ch loride  o r  r e s in -  
bonded g lass fib re . Many kinds of such boxes are available com m ercia lly , 
but p r ices  are higher than those fo r  steel boxes.

One drawback to the use of steel boxes is the p ossib ility  of corros ion . 
If the epoxy painted surface is  broken by im pact, the steel plates will be 
com e exposed to attack from  acid  vapours which are usually p resen t. By 
care fu l operation, how ever, abrasion  o f the epoxy su rface  is  avoided.

Stainless steel is  an alternative to epoxy-painted m ild steel as a con 
struction  m ateria l fo r  p ro ce ss  en closu res ; the p r ice  is  som ewhat higher. 
H ow ever, s in ce  h y d roch lo r ic  acid  vapour w ill a lso  attack sta in less  stee l 
to a con sid era b le  extent, the gain in using it is  sm all.

Since som e of the boxes have to be shielded with lead, a rig id  support 
has to be provided . If this support is  made in the form  o f a thick concrete  
p la tform  (300 m m ), on which the box stands, and supported on either con 
crete  b locks or a steel construction, base shielding is simultaneously taken 
care of. The supporting table should preferably  be designed as a steel con
tainer, into which con crete  can be poured. Between the p latform  and the 
box a thin sheet o f rubber is p laced .

Figure 1 shows a com plete box unit, com m ercia lly  available, constructed 
accord in g  to the p rin cip les  outlined above. Illum ination o f the box equip
ment is provided by fluorescent tubes mounted in a fram e on top of the box 
and shining in through the ro o f window.

(b) Shielding

T o  obtain the m ost e con om ica l resu lt, sh ielding w alls should always 
be placed as c lose  to the source of radiation as is p ractica lly  possib le . The 
usual way to protect production personnel against the radiation from  gamma- 
em itters is to erect a lead wall surrounding all sides o f the production en
closu re . The thickness of such a wall will generally be 5 cm  or, in special 
ca ses , 10 cm . F or  the production  o f lim ited  amounts o f soft gam m a- 
em itters , how ever, a su fficien t degree  o f sh ielding can often be obtained 
by just shielding lo ca lly  som e of the glass equipment in the box, thus saving 
money and im proving convenience in handling.

A lead shield is easily  made of bricks, such as the one shown in F ig. 2. 
Such brick s can be cast to a sufficient a ccu ra cy  and are better when made 
o f lead  containing 4 -7%  antim ony to in cre a se  th e ir  m ech an ica l strength .

Some sort of in terlock  between the b rick s should be provided. The 
leakage of radiation between plain bricks is in fact negligible, but the in ter-
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FIG.2. Interlocking lead bricks for shielding walls (10X10 cm , 5 cm  thick)

locks w ill contribute considerably to the stability of the com plete lead wall, 
and this is im portant. In addition, the wall should be held in place by some 
sort of rigid  steel fram ew ork, conveniently p laced between box and shield.

The p r ice  fo r  a lead shield of this type is  estim ated to be $300 to 
$400 /m 2 if it is 5 cm thick, a lO cm -th ick  wall costing double. Provision also 
has to be made for viewing windows, transfer port plugs and sphere joints for 
the handling tongs.

Viewing windows are made of lead glass and may be obtained in several 
qualities and form s. F or  a 5 -cm -th ick  lead wall a window 10 cm  thick, of a 
standard density of 4.2 is appropriate. A 10 -cm -th ick  lead shield requires 
twice the window thickness. The windows should be mounted in frames fitting 
the interlocking lead brick  system , and the space between the glass and the 
lead fram e should be packed with lead yarn. The protection  given by such 
a window is a little le ss  than equivalent to the lead wall, but if it is mounted 
in a line with the inside of the wall and with a fram e like those shown in 
F ig . 1, the extra distance from  the sou rce  adds to the protection . P ra cti
ca lly , no deficien cy  of shielding at the windows can be m easured with such 
a wall.

Lead g lass windows with densities o f up to 6.2 are available, as a lso 
are g lasses sp ecia lly  resistant to radiation, but the p r ices  are higher and 
the colour darker compared to standard windows. They are also more easily 
scratch ed . The p r ice  of a standard lead g la ss , 10 cm  thick, with window 
area 1 5 X 1 5  cm , is  about $75.

B ecause of the helpful effect of refraction , just one or two windows of 
the type mentioned w ill be sufficient to see the whole area of the operations 
in one ce ll.

25



(c) Tongs and related equipment

Rem ote-handling tongs of various types and at different p rices  may be 
obtained fro m  com m erc ia l su pp liers . This equipment is  norm ally  sa tis 
factory, but as a general guide the m ore rigid type of tongs should be chosen. 
Some isotope produ cers  use tongs with detachable heads to enable them to 
change the types of jaws without rem oving the tong from  the box. However, 
it is r.ot difficult to find one type of head among those available com m ercially 
that w ill suit a lm ost a ll the operations that have to be ca rr ie d  out. This 
seem s to be the m ost p ra ctica l solution, with the addition o f a few specia l 
too ls  fo r  opening scre w -ca p  cans, cutting polyethylene tubes, e tc .

F lexible p lastic sleeves should be attached to the tong shafts to prevent 
contam ination being ca rr ied  into the labora tory  when the tongs are drawn 
outwards. Several types of such sleeves are on the market, but special care 
should be taken to se lect a rather rigid type, preferably  bellow -shaped and 
as narrow as p ossib le ; the p r ice  is higher, but it is w ell worth it. A wide, 
clum sy sleeve is easily torn and will prevent the operator from  seeing much 
of the ce ll equipment.

Sphere joints are used fo r  tong handling through the lead walls to p re 
vent binding. The spheres and seating should not both be made of lead un
le s s  the sphere is  coated with b ra ss  o r  sta in less s tee l. A nother method 
is  to have the seatings cast in brass. The whole joint should be put together 
as a single  rem ovab le  unit; it w ill then be p oss ib le  to rep la ce  a dam aged 
PVC sleeve from  outside the lead wall. The sphere joint princip le is  also 
used conveniently in beta boxes, a small sphere made of plastic or hardwood 
being used.

Many types of gloves fo r  use in glove boxes are available com m ercially. 
It is useful to provide a glove port in m ost production boxes for making ad
justments with the hand while the radiation level in the box is low. Neoprene 
gloves will last longer than those made of ordinary latex rubber and are to be 
preferred  in spite of the higher cost. The standard type of glove fits a glove 
port of 1 5 -cm  diam . P lastic  plugs should be available in the boxes to seal 
the glove ports when they are not in use.

(d) Chem ical p rocess in g  equipment

M ost o f the ch em ica l p rocess in g  equipm ent, d issolu tion  and reaction  
vessels , transfer tubes, evaporation and distillation facilities, filters, etc., 
should be made o f ord in ary  b oros ilica te  g la ss , with standard s to p -co ck s , 
sock et-con e  joints and ball joints. Only in specia l operations do m aterials 
other than g lass have to be introduced. F or  introducing inactive reagents 
into the box during the operation, glass tubes may be used, but m ore flex i
b ility is  achieved by the use of p lastic or silicon  rubber tubes, with a glass 
connection  penetrating the shielding w all; a funnel m ay be attached to the 
outer end. When not in use, the glass connection socket should be blocked 
by a stopper fitted with a safety clip .

As all sense of touch is lost when the fingers are replaced by a rem ote- 
handling tong, the s top -co ck s  used should always be o f the type with a r e 
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taining ring to hold the key in p la ce . In m ost cases  vacuum  quality stop
cock s are n ecessa ry .

An opening station fo r  screw -ca p  cans should be provided in each p ro 
duction box and, if  inner irradiation  containers are to be used, a cutter for 
the s ilica  ampoules or polyethylene tubes must also be at hand.

Some sort of rigid support fram e should always be provided for the glass 
equipm ent; this is  sp ec ia lly  im portant since the handling is  to be ca rr ied  
out by means of tongs. Several m aterials are suitable for supporting fram es, 
but the p oss ib ility  of c o rro s io n  should be kept in m ind. Alum inium , p re 
ferably  anodized, is  quite suitable fo r  this purpose. When mounting p ro 
cess in g  equipment in a box it is im portant to allow sufficient distance b e 
tween the operation face and the equipment to be handled, otherwise the 
useful area covered  by tongs w ill be sign ificantly  reduced. The g lass 
apparatus should be 'p laced  as close  to the back wall of the box as possib le , 
leaving at least 35 to 40 cm  open space at the front.

Liquids are com m only transferred from  one production stage to the next 
by suction . Vacuum  is  provided  by a ro ta ry  vacuum  pump, conveniently 
mounted in the supporting fable and serving three o r  four production boxes. 
E lectrom agnetic valves can be used fo r  connecting the pump to the various 
equipment sections. Autopipette fille r  bulbs made of rubber are very useful 
fo r  transfers of this sort when only a slightly reduced pressure is required. 
Where heating is needed a convenient source is the electric  "Isom antle"type, 
which can be purchased in several sizes to fit various s izes  of reaction 
v e s s e l. F o r  the gentle heating of liqu ids an in frared  heating lam p w ill be 
found convenient. A variab le  tra n s fo rm e r , m ounted outside the p ro ce s s  
box, controls the heating rate. A s a general rule, heating by gas flame 
should be avoided and indeed is dangerous in any sealed enclosure which has 
little or no ventilation.

(e) Dispensing, packing and control facilities

Organization of the dispensation of radioisotopes is discussed in detail 
in Section 4, but a few com m ents on the equipment needed are given here. 
When dealing with isotopes fo r  m edica l use, dispensing should always take 
place in specia l boxes, p referably, though not essentially, isolated in a 
d ispensing room . B oxes , shielding, rem ote handling tongs and tran sfer  
ports, e t c . , for  dispensing are identical to the equipment used for production. 
Dispensing boxes should be installed in such a way that the operator can per
form  the filling, reading and emptying o f pipettes in a seated position . To 
read a pipette at som e distance through a lead glass window may be difficult, 
th ere fore  care  should be taken to se lect pipettes with very  distinct gradu
ations. Only top quality pipettes should be used notwithstanding the higher 
cost.

The main equipment to be placed inside a dispensing box is a rem otely 
operated rack  o f p ipettes, a sealing m achine fo r  bottles and an autoclave 
fo r  sterilization . Beside these, it is useful to have a device for the storage 
o f production batch bottles. Bottles standing about loose  on the floor  of the 
box should be avoided.

A relatively  large room  should be left fo r  packing shipments o f rad io
iso top es . The bottles containing the rad io isotope  solutions are p laced  in
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lead  pots within the dispensing unit. Such containers can then be handled 
with v ery  short, rig id  tongs, and no lead -sh ield ing  packing ce ll will then 
be n ecessa ry .

It w;ill be n ecessary  to check the activity in the shipment to detect any 
p oss ib le  m istakes in calculation or volum etric m easurem ent which may 
o ccu r . Such a check can be perform ed  within the dispensing unit or in the 
packing room . An ionization cham ber suitable fo r  this check together with 
the n ecessa ry  lead fo r  shielding can be purchased fo r  about $1000.

Another item  of equipment n ecessary  in the packing room  is a sealing 
device fo r  tin cans. The bottles should be enclosed in sealed cans to meet 
the requ irem en ts fo r  the safe transport o f rad ioactive  m ateria ls  [1] . 
Ordinary tin cans with a volum e of 1 litre  are suitable fo r  m ost shipments 
of radioactive solutions. The price  of an e lectr ica lly  operated sealing m a
chine fo r  such cans is between $200 and $300.

The packing room  should also be provided with a well for the tem porary 
storage o f rad ioisotope packages. Packing m ateria ls, i . e .  lead pots, tin 
cans, cardboard  boxes, e t c . ,  a lso  need a lot of space fo r  storage, and it 
should be kept in mind that such m aterials w ill be cheaper if  purchased 
in bulk.

F igure 3 shows a typical lead container used fo r  the shipment of radio
iso top es . The construction  should be noted. With a lead pot like this the 
upper part o f the bottle stands above the top o f the container a fter lifting  
o ff the lid . A s the bottle w ill never be filled  to the neck with rad ioactive 
solution, this w ill cause no radiation problem , but the rem oval of the bottle 
with tongs is  thus facilitated.

Instrum ents to m easure the radiation d o se -ra te  must be available in 
the packing room  fo r  the m easurem ent of surface radiation of the packages 
ready fo r  tran sport. Many types of b a ttery -opera ted  instrum ents are 
available which are very  suitable for  this purpose. P rices  range from  $200 
to $800.

F a cilities  fo r  a lim ited  program m e

A rad ioisotope production  program m e lim ited  to the supply o f sh ort
lived isotopes in an unprocessed form , or in sim ple solution, (the proposed 
first stage re ferred  to in Section 2 ), can be carried  out at relatively modest 
cost. The space requ ired  m ight be found within the la b ora tory  fa c ilit ie s  
already present at the reactor centre. A radioisotope serv ice  on this scale 
should be organ ized  in connection  with a nuclear ch em istry  group, if  one 
ex ists .

This first-stage production programme will probably satisfy only a small 
fraction  of the country's demand; for the rest, importation must be depended 
on. In such a case it may prove practica l and econom ical to operate a 
d ispensary fo r  im ported isotopes in conjunction with the production group.

An example of an isotope laboratory intended fo r  production on the first 
stage scale, together with the dispensing of imported stock solutions of other 
rad io isotopes, is sketched in F ig . 4. The space required is 75 m2, and it 
is  assum ed that the isotope la b ora tory  w ill occu py  part o f an established  
laboratory installation. If the program m e is lim ited to production only, the
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FIG .3. Lead pot for shipment of bottles containing radioactive solutions

FIG.4. A small isotope production laboratory

dispensary can be om itted, bringing the space requirem ent down to 55 m2 , 
but this should be considered  an absolute m inim um . Additional space fo r  
counting, analytical control, o ffices , e t c . , will of course be necessary, but 
these facilities could be located elsew here.

The room s should be arranged together in such a way that only one en
trance w ill norm ally  be used. At this entrance a sm all area should be left 
fo r  change o f clothing and contamination con trol. A sink, fo r  hand washing 
is necessary. The production laboratory should be fitted out with a few lead- 
sh ielded-rem ote handling tong b oxes, a glove box (o r  slit box) and a fume 
hood. The fume hood should be used as a multi-purpose unit, and extra lead 
bricks should be provided for tem porary shielding. Typical examples of the 
use of this equipment are the transfer of radioactive m aterial from  one type 
of container to another, the dissolution of irradiated m aterials in water, and 
the preparation of radiation sources of various kinds. Ventilators and filters 
fo r  the en closu res m ay be p laced on the top o f the boxes. The production 
laboratory should also have sinks for  cleaning glassw are, e tc ., and a supply 
o f m ed ica l-grade  water must be provided. Bench space w ill be required 
fo r  preparing targets fo r  irrad ia tion  and fo r  handling dilute solutions fo r
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m easurem ent and standardization . The dispensing and sealing o f bottles 
m ay be p erform ed  within the production  b oxes .

The packing room  should have plenty of bench space, a suitable instru
ment for the m easurem ent of surface radiation from  the packages and p re 
fera b ly  a lso  an ion ization  cham ber fo r  checking the shipm ents. Packing 
m aterials need a lot of space for storage, and a shielded storage area should 
be provided fo r  im ported shipments and packages ready for  dispatch.

The dispensing room  is  intended fo r  the treatm ent o f im ported  stock  
solutions and should have one o r  two shielded boxes equipped with opening 
and sealing d ev ices  fo r  pen icillin  bottles, rem ote ly  operated pipettes and 
au toclaves. The room  should have sinks fo r  cleaning o f g lass w are, and 
laboratory  benches with lock ers  and draw ers. It is useful to provide small 
openings in the walls of the laboratories  fo r  the transport o f units between 
adjacent room s; the same can be done fo r  passing packages into the packing 
room .

The specia l equipment needed for  a laboratory like this, such as boxes, 
tongs, p rocessin g  equipment, lead bricks, instruments, etc., should be pur
chased with a view to using it later in a m ore com prehensive plant.

With a laboratory  like th is, o r  a s im ilar  one, it shouli? be possib le  to 
proceed  to the second stage of a radioisotope program m e without any m ajor 
additional investm ent. M ost of the isotopes produced are in sm all demand, 
and a production serv ice  can be maintained with just a few production boxes, 
changing the g lass  equipm ent fo r  each new iso top e . It is  assum ed that a 
counting room , instruments for  physical m easurem ent and analytical s e r 
v ices are available in other parts of the reactor site. Some additional office 
space will be necessary  for record  keeping.

L aboratory layout and structure

The production  of the rad io isotopes d escrib ed  in Section 2 as com ing 
within the third stage o f developm ent requ ire a laboratory  fa cility  of m ore 
specialized construction. The size of such a laboratory will vary within wide 
lim its  depending on the s ize  of the population to be served . Apart from  a 
few specia l item s, a labora tory  fo r  isotope production  can be constructed 
very  s im ilarly  to, and should cost little m ore than a conventional chem ical 
labora tory  of high standard. If the p rocess in g  of h igh -tox icity  isotopes is  
to be included in the program m e the laboratory, or at least part of it, must 
be c la ss ified  as a Type A [2], which m eans that the labora tory  design and 
construction  should not be undertaken without the aid of exp erts . An im 
portant question is o f cou rse , whether a new building is  to be erected  fo r  
housing the plant, o r  if  an existing building is  to be converted .

It is  better fo r  a new building to be constructed  as a single storey , as 
this rem oves any doubt about the ability of the top flo o r  to ca rry  the weight 
o f shielding and saves the expense of a top shield  on the production  c e lls . 
This also m akes a ccess  fo r  maintenance of the ce ll equipment much easier. 
The scattered radiation reaching the operator area from  the top of the ce lls  
w ill not be negligible. Services like water, e lectr ic ity  and com pressed  air 
lines may then be brought into the production ce lls  through the box roo f.
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If the laboratory  is  to be erected  in a co ld -c lim a te  area, it will prove 
m ost p ra ctica l to  p rov ide a basem ent under the la b ora tory  flo o r  in which 
to p la ce  w ater and sew age p ipes to prevent freez in g . In  such a ca se  the 
area covered by the building may be reduced significantly, as serv ice  equip
ment, ventilation plant, stores  and a labora tory  waste system  can a lso  be 
p laced  in this basem ent.

Where a building of m ore than one storey  is to be used for the plant, it 
should be noted that bottom shielding for the production ce lls  is  cheaper and 
m ore convenient to provide than top shielding, since som e sort of support 
fo r  the side shielding w ill be n ecessa ry  in any ca se . F or  this reason  the 
location of the gam m a-em itter production room s on the top floor of a building 
is  p re ferred  if  the flo o r  is strong enough. Such an arrangement will, how
ever, necessitate a lift arrangement for the transport of shielded radioactive 
m aterials to and from  the plant. Fitting,an existing building to a radioisotope 
production  plant w ill often give r ise  to p ractica l p rob lem s. If the building 
to be used was originally  constructed fo r  non-laboratory purposes, the cost 
of conversion  will probably be very  high. Generally it is recomm ended that 
such a con version  should be avoided if  p oss ib le . In either case it is  good 
practice  to keep all rad iochem ical laboratories and related room s together 
as one area  to which a cce ss  is  re s tr ic te d  and com p lete ly  separated  from  
the o ffice s . A new building should consist basica lly  o f two main wings, one 
fo r  adm inistration and other o ffice  work and the other fo r  active work such 
as production, dispensing, resea rch  and developm ent. Between the two 
should be a section  fo r  cloakroom s, washing room s and equipment fo r  con
tamination con trol. The need fo r  sufficient space both fo r  cloakroom s and 
o ffices  should not be underestim ated.

A few p ra ctica l solutions to p rob lem s o f layout, taken from  existing 
rad ioisotope plants in the s m a ll-  and m ed iu m -size  c la ss , are shown in 
F igs. 5, 6 and 7. Figure 5 shows a relatively small plant in Ris^, Denmark, 
o f one storey , with a total f lo o r  area o f 990 m2 . Production  labora tories  
and related  room s occupy about one half o f the total area  [3].

A production laboratory of the "one storey with basement" type inK jeller,, 
Norway, is shown in F ig. 6. The sizes of the various sections are:

(m2)
Laboratories and related room s 700
Cloakroom s, contamination control section and

lobby 220
Offices (two storeys) 430
Basement (ventilation, w aste-room , stores,

stokehold, e tc .) 500
Total area 1850

This laboratory  was built and equipped during the period  1958-1960 for  
about $400 000 [4]; The radioisotope production program m e has been com 
bined with re se a rch  w ork in the fie ld  o f production  methods developm ent, 
m easurem ent techniques and rad io isotope  app lications. A s m entioned in 
Section 2, such a program m e extension is generally  advantageous, and the 
extra space requ ired  w ill not cause m ore than a sm all addition to the total 
plant investm ent.
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PH YSICS DECONTAMI -

FIG. 5, Laboratory ground plan (Isotope Production Plant, Risj4, Denmark)
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F igure 7 shows a plant in Inchas, United A rab R epublic, intended fo r  
a m ore extensive program m e, with a.staff of about 35 persons [5], The de
sign closely  resem bles .that of the Norwegian laboratory (Fig. 6), with abase
ment under a part o f the laboratory  wing and a second storey  on top o f the 
inactive w ing. The approxim ate costs  fo r  this la b ora tory  are as fo llow s:

Building costs  250 000
Fixed inventory, waste co lle ction ,

ventilation m onitoring system s 180 000
Production  equipment 120 000
M obile instrum ents, too ls , e tc . 150 000

T ota l cost 700 000

It m ay be noted that all these labora tories  are constructed  with com 
plete separation between the o ffice s  and the active section . C hoice o f the 
best form  structure will, of course, depend upon the terrain and the climate. 
A ll room s should be arranged together as simply as possible and the windows 
permanently sealed to maintain the ventilation balance.

Gamma shielding is usually 5 to 1 0 -cm -th ick  lead, and the laboratory  
floors must be designed to carry  this load. A reasonable figure is 5 tons/m 2. 
A ll radiochem ical laboratories should preferably have swinging doors without 
thresholds and transparent glass panels should be provided in the doors, to 
prevent co llis io n s  and to enable in spection  o f a room  fro m  outside in the 
case of a contamination accident. The room s should not be unnecessarily  
high, as the amount of a ir  to be supplied in creases d irectly  with the height 
of the room  once the number of air changes per hour is decided. A suitable 
ceiling height is 2.5 to 3 m.

The general finish of the laboratories should be clean and sm ooth. 
C orners between w alls, ceilings and benches should be rounded by means 
of plastic strip , and laminated p lastic is a good cover m aterial for  working 
benches. P lastic  asbestos tiles  are ideal fo r  the flo o rs ; they are easily  
cleaned and decontaminated. The joints represent no problem  provided the 
floors  are carefu lly  waxed from  tim e to tim e. The greatest advantages of 
tiles com pared to linoleum  is their mechanical strength and the fact that the 
tiles can be replaced one by one should they be damaged or seriously conta
minated. Welded polyvinyl ch loride is also a good m aterial fo r  floors  but 
it is somewhat m ore expensive than tiles  if  the room s are not la rge .

Conventional equipment can be used fo r  illum ination, window fram es, 
e t c . ,  and a good quality paint is sufficient fo r  walls and ceilings finish. 
Walls between adjacent room s should preferably be of a light structure since 
there is no advantage in making the walls very  heavy for shielding purposes. 
The principle of shielding the radioactive sources and not the rooms in which 
the radioactive work is ca rr ied  out, should always be applied. In general, 
the recom m endations fo r  a high-standard conventional chem ical laboratory 
are d irectly  applicable to the planning of a m oderate-size isotope production 
plant.

The production and dispensing ce lls  within the room s may be arranged 
in several ways. Some isotope producers p re fer one separate room  for the 
production of each isotope, while others use a single production laboratory

33



CO

FIG. 7. Laboratory ground plan (Isotope Production Laboratory, Inchas, United Arab Republic)



fo r  all the p rocess in g  equipment. The main advantage of the firs t  case is 
that the chance of cross-contam ination is reduced and, if an accident occurs, 
it w ill be lim ited  to a sm all part of the plant. On the other hand a single 
la rg e  production  la b ora tory  se cu res  the best space u tilization  and is , o f 
cou rse , cheaper to build. Something between these two extrem es seem s to 
be the best solution. When designing a laboratory of this kind it is advisable 
to reserve at least two room s for production and two for dispensing, in which 
the various ce lls  can be grouped together according to the type of shielding. 
If p rocess in g  of h igh -tox ic ity  iso top es , e .g .  1311, is  to be included in the 
production program m e, it might be advantageous to isolate this production 
equipment in a sp ecia l room .

The number of tong boxes to be allowed fo r  should be about ten 
to fifteen. In addition to these, dispensing might further occupy a m ini
mum of three boxes. The number of dispensing units should not be too small 
as this equipment w ill need serv ice  and maintenance from  time to tim e. It 
should be p oss ib le  alw ays to take about half the equipm ent out o f regu lar 
operation  and still be able to make the n ecessa ry  shipm ents with the rest 
o f the boxes . A ll dispensing boxes should p re fera b ly  be equipped identi
cally. At som e isotope-production centres it is the practice to link d is
pensing equipment to the p rocess in g  equipment in a com bined produ ction - 
dispensing unit. In this way a few boxes .m ay  be saved, but on the other 
hand the boxes must have la rger dim ensions and additional difficulties arise 
when maintenance work is being carried  out. A lso, during normal operation 
com plete separation  between production  w ork and dispensing w ork is 
p re fera b le .

If the production boxes are placed together, three to four per row, better 
economy of laboratory space is achieved. In addition, considerable shielding 
may be saved and the layout of benches, serv ices  and effluent system s sim 
plified. Figure 8 shows a set-up of three production units for beta em itters.

FIG.8. Production boxes for beta emitters (Kjeller, Norway)
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constructed  accord in g  to this p rin cip le . The boxes are made o f stainless 
steel with 8 -m m  P lex ig las w indows.

In connection  with the arrangem ent o f production  boxes the follow ing 
question must be answered: T o what extent w ill the program m e include the 
production  of the le s s  frequently used rad io isotopes, such as brom ine-82 , 
cobalt-60, m ercury-197 and -203, and silver-110  m? The production m e
thods fo r  such isotop es usually  con sist o f sim ple d issolu tion  o f the target 
m aterial in water o r  the transform ation of a carbonate, metal or oxide to a 
chloride solution with the subsequent need to evaporate the hydrochloric acid. 
It is  by no m eans n ecessa ry  to keep one production  box fu lly  equipped fo r  
each rad io isotope. A better approach is  to keep one o r  two boxes fo r  this 
type of operation  and sim ply change the g lass equipment within the boxes. 
By carefu l operation this arrangem ent should cause no radiation or c r o s s 
contamination p rob lem s.

F or  m ajor products, such as iod ine-131, phosphorus-32, gold-198, 
sulphur-35, e t c . ,  it will of course be necessary  to reserve one box for each 
p r o c e s s . F o r  countries with su fficient demand it is  recom m ended that a 
re se rv e  production  box be set aside fo r  isotopes where continuity of p ro 
duction is  im portant (F ig . 9).

A few comments should be made on the placing of production units within 
the la b ora tory . Beta boxes do not need additional shielding beyond the 
P erspex windows and can be placed anywhere in the laboratory, preferably 
at som e distance from  the walls, giving a ccess  from  all sides. Gamma 
boxes are conveniently arranged so that they have lead shielding at the front 
and sides whilst the back shielding is made of a cheaper material, e .g . heavy 
con crete  b lock s . Space should be left between the boxes and the back
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FIG. 10. Arrangement o f  shielded production cells

shielding to allow a ccess  fo r  maintenance w ork when the radiation leve l is 
low . The princip le  is  illustrated on the left o f F ig . 10.

Another form  of arrangement is shown in the right hand part of F ig. 10. 
This method is suitable when dealing with a number of gamma boxes in ad
jacent room s. Much lead shielding can be saved but a ccess  to the in terior 
o f the boxes fo r  repairs must be provided through the box roo f, or  through 
a rem ovable side wall. A system  used at som e centres is shown in F ig. 11. 
The production ce lls  are grouped together within a large shielding wall with 
their operating faces outside and a maintenance and transport oven between 
the two row s o f ce lls . The transport can also be arranged with a conveyor 
belt system . An advantage of this system  is that the operation hall can be re 
garded as a sem i-active area, but the arrangement is expensive and is suited 
to a larger program m e than the one considered here.

T ransfer o f radioactive m aterials within the laboratory

The system  for transferring radioactive m aterials between laboratories 
and ce lls  should be planned carefu lly , since it will always represent a weak 
point in the containment system . The m ajority  of contamination accidents 
in radiochem ical laboratories are caused by som e weakness in the transfer 
system . Transfer of highly radioactive sources within the laboratory should 
be done in a shielded transport container which should be constructed to fit 
the transfer ports of the various production and dispensing ce lls . Figure 12 
shows a typical transport container of this kind. It consists of a drawer 
designed to hold either target cans o r  product bottles. The draw er can be 
pushed into a production  box o r  drawn back into the lead container, which 
is  ca rr ied  on a sm all fou r-w h eeled  ca rr ia g e . The container is  c losed  by 
means of a sliding door. F or carriages of this type to be fully effective, it 
is  im portant that the working height above the flo o r  is  standard throughout 
the laboratory .

The sim plest method fo r  transfer operations of this kind is to use a lead 
pot on a wheeled table. The whole pot is  placed inside the ce ll and emptied 
by m eans o f the c e ll  handling ton gs. This m ethod is  best suited to sm all
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O p e r a t i o n  h a l l  ( s e m i - a c t i v e  a r e a )

M i n ' 1 1 1  I iiU — S h ie ld in g  w a ll

M a i n t e n a n c e  z o n e  ( a c t i v e  a r e a )

i w r n m
FIG. 11. Arrangement o f  shielded production cells

FIG. 12. Transfer unit for radioactive materials

amounts of radioactive m aterial, e .g . transport of bottles for shipment from  
d ispen sary  to packing room , sin ce  the shielding pot m ust be sm all to 
be handled in this way.

If production  and dispensing boxes are arranged together in adjacent 
room s, as outlined in F ig . 9, transport is  m ost conveniently arranged by
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connecting two boxes with a tube through the wall. The transfer of bottles 
is then easily  perform ed with the ce ll tongs or , if greater distances are in
volved, by the use o f a suitable conveyor belt. Transport of this kind should 
be lim ited  to certain  areas within a laboratory , thus m inim izing the back
ground radiation  in counting room s , etc., and p oss ib ility  o f the spread  o f 
contam ination to areas intended fo r  low -a ctiv ity  w ork. The prin cip le  is 
illustrated in F ig . 13. The room s to the right are used fo r  counting, research  
and development, and will not be affected if a transport accident should occur. 
During a tran sfer operation the box containment has to be broken. Opinion 
is  divided about the best way to solve this prob lem  of transfer ports. Some 
centres use dou b le-sea led  tran sfer ports in the boxes, giving fu ll a ir - lo ck  
conditions: ethers p re fe r  a system  with a com plete ly  a ir -tigh t outer d oor  
and a slide door inside to prevent the escape o f lo o s e  so lid  contam ination 
when the outer door  is  opened. The firs t method with a com plete a ir - lo ck  
cannot guarantee no tran sfer o f solid  contamination into the laboratory  and 
a ir -b orn e  contam ination m ay be trapped inside the a ir - lo ck  to be released

FIG. 13. Diagram illustrating the way in which movement o f  radioactive materials is lim ited to defined 
areas

39



when the outer door  is  opened. The system  with the extra  slide door r e 
duces the possib ility  of d irect outward flow during a transfer operation but 
will be of value mainly fo r  transfer ports with relatively  large dim ensions.

The sim plest and m ost practical solution is to use a single sealing door 
when the tra n sfer  pprts m ust be kept re la tive ly  sm all. In m ost ca ses  an 
ordinary standard glove port, diam eter 15 cm , is  suitable fo r  the purpose. 
If the p ro ce ss  en closu res are operated at the usual reduced p ressu re  of a 
few centim etres of water, the a ir-flow  velocity inwards through an open port 
of this kind will not drop below 0.5 m /s , the minimum air-flow  velocity  r e 
commended for hoods. A system  like this will give no m ore risk  of labora
tory contamination than a double-sealed a ir -lo ck  provided not m ore than one 
port is open simultaneously in the same box. The standard 15 cm glove port 
is  c losed  by m eans of a p lastic plug with a rubber sealing ring. During a 
transfer operation such a plug has to be left som ew here; in the case of lead 
shielded boxes it often has to be placed inside the box. The opening and 
closing of a port of this kind thus requ ires a hand inside the shielding wall. 
In such a case  the plugs must be con sidered  active, and never touched by 
bare hands. It is possible to operate such a system  without having radiation 
dose prob lem s, provided the personnel have the n ecessa ry  training and 
d iscip lin e . H ow ever, a better method is to use a closu re  which is pressed  
against the port by a spring, and which can be operated with a handle outside 
the lead wall. The lead wall should have a hole corresponding with the box 
port which is closed  by a thick steel plug when the port is not in use. Lead 
plugs have certa in  disadvantages because of their lack  of m echanical 
strength.

\

Ventilation sy s tem

A ll w orking areas in which unsealed rad ioactive sou rces  are handled 
need care fu l ventilation. A well-planned ventilation system  in fact form s 
the basis o f contamination control. It should be realized , however, that 
proper room  ventilation alone will not be sufficient protection for the labora
tory  personnel. The a ir-flow  balance may be altered by opening and closing 
doors  and hoods, and the laboratory  equipment and furniture w ill affect the 
flow of a ir to a considerable extent. To overcom e irregularities of this kind 
a quite unreasonable amount of a ir  has to be supplied to the la b ora tor ies . 
The best way to secu re  safe working conditions in p rocess in g  room s is by 
using sealed boxes with a separate exhaust system . Then it is only necessary 
to provide sufficient room  ventilation to give com fortable working conditions, 
a reasonable figure being six to eight air changes per hour.

The main principle to be followed in the planning of the laboratory venti
lation system  is that the d irection  of a ir  flow should always be towards the 
zones with the highest leve ls  of radioactivity. In practice, this is arranged 
by supplying fresh  air to the corr id ors . This a ir is drawn through the labo
ratories into the boxes and hoods, and finally filtered before being exhausted 
to the atm osphere. With a proper a ir -flow  arrangement the relative pressures 
should be as follow s:

C orrid or , inactive room s, et c , :  P ressu re  of the surrounding 
atm osphere or slightly less
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L aboratory room s: ~10 mm o f w ater-reduced pressure
Production and dispensing boxes: 20-30 mm of w ater-reduced 

pressu re  (10-20 mm relative to laboratory room s).

In room s where open fume hoods are to be used the num ber of air 
changes has to be in creased , otherw ise the room s have to be very  large to 
supply adequate a ir . It is  useful to equip a few resea rch  and developm ent 
room s, of lim ited s ize , with open hoods and to give them m ore air changes, 
for example, about 20 changes per hour. The use of fume hoods in the labo
ratory should then be restricted  to these areas.

The inlet a ir  to the labora tory  must be coo led  o r  heated accord in g  to 
clim atic conditions. In most countries atom ic energy centres are not placed 
close to big c it ies . T herefore the air is usually clean enough to be fed into 
the laboratory through cheap, low -grade filte rs . The exhaust a ir from  the 
laboratories w ill not require filtering , but the a ir exhausted through hoods 
m ay contain contamination and should pass through absolute filte rs  before 
being re leased  to the atm osphere.

The sealed production and dispensing enclosures should be provided with 
a separate ventilation system . This system  should have two exhaust fans, 
both o f them  being capable o f p rovid ing the n ecessa ry  reduced  p re ssu re . 
Polyvinyl ch loride o r  other suitable p lastic m aterial should be used fo r  the 
pipe w ork. The d iam eters of the extract ducts should be dim inished step
wise from  18 to 20 cm  near the fans to 4 or 5 cm at the box connections. The 
exhaust a ir should be filtered  through absolute filters and, if the production 
program m e includes work with volatile nuclides like iodine-131, a charcoal 
filter should be fitted also.

If the boxes are kept well sealed they will consume a negligible amount 
of a ir . In many ca ses , however, both co rro s iv e  and contaminated vapours 
may be present in the box atm osphere and to rem ove these a minimum rate 
of air flow should be provided. This is easily arranged with an adjustable air 
inlet valve with which the required reduced pressure can be obtained. Small 
absolute filters  may be mounted on the inlets but in most cases this will not 
be necessary .

Vacuum pumps used with active p rocess  equipment should be regarded 
as part o f the box ventilation. A ir  from  such pumps may contain contam i
nation and should be exhausted into the box ventilation system .

There is no need fo r  an elaborate automatic control system  fo r  the 
ventilation. The reduced pressu re  lev e l in production boxes is sim ply 
measured by U-tube manometers, and the ventilation balance between working 
room s and co r r id o r  is su fficien tly  con trolled  by observing the position  of 
the swing doors , which under norm al conditions should point tow ards the 
m ore active room s. It is  a good p ractice  to have control sw itches fo r  the 
fans situated on a central panel, preferably with a control lamp showing that 
the fan m otor is running. If a single room  has m ore  than one fume hood, 
only one switch should be used fo r  all of them, as one hood in operation 
may draw contamination into the laboratory from  another which is shut down. 
The fans used fo r  supply and exhaust of air to the open working areas should 
be adjustable, as ventilation balance conditions m ay be changed during 
labora tory  operation.
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A failure in the box ventilation system  w ill cause the reduced pressure 
in a ll p ro cess  enclosures to drop to zero, and under such conditions activity 
m ay be re leased  into the room s. F or  such em ergencies a warning system  
should be fitted . It can be arranged v e ry  sim ply  by m eans o f a p ressu re  
indicator placed in the main ventilation duct, which actuates alarm  bells in 
the production room s if  the pressure fa lls below a predeterm ined value. 
Consideration should be given to the provision  o f an em ergency e lectr ic  
generator for  the ventilation system , to be used in the event of a main power 
failure.

Waste management

The key to waste management fo r  a radioisotope plant is  to reduce, as 
fa r  as p oss ib le , the amount o f waste m ateria l that requ ires specia l treat
ment. F o r  a ll p ra ctica l purposes waste can be divided into the follow ing 
ca teg orie s :

1. Inactive waste
2. L ow -a ctiv ity  liquid waste
3. Liquid p ro ce s s  waste
4. Solid p ro ce s s  waste
5. Solid la b ora tory  w aste.

Effluents from  the inactive part of the laboratory  building can be con 
nected to ordinary sew age. This also applies to cooling water lines to some 
equipment in the active section , fo r  exam ple, water distillation  sets . P a r
ticu larly  in labora tories  fo r  resea rch  and development w ork it is practical 
to provide a few drains leading d irectly  to sew age. The reduced volume of 
active waste is  an advantage, but sp ec ia l ca re  m ust be taken to avoid the 
inactive drains being used fo r  d ischarge o f active o r  potentially active 
effluents.

A ll washings and dilute solutions of radioactive m aterials should be con
sidered as a low -activity  liquid waste. In many cases this low -activity waste 
can be re lea sed  to the sew age system , but it has to  be m onitored  and, in 
som e ca se s , stored  fo r  decay of the activ ity . A la rge  delay  tank, o r  two 
tanks connected in pa ra lle l, should be used fo r  co llectin g  the low -a ctiv ity  
waste. The tanks should be o f at least 5000-10 000 litres capacity and should 
be surrounded by trays o f a' su fficient s ize  to co lle c t  the tank contents in 
case o f leakage. Suitable m aterials fo r  such tanks are epoxy-painted mild 
steel, stainless steel and p lastic m ateria ls. The p rice  is  a conclusive 
argument against stainless steel,and painted m ild steel may cause trouble 
from  corrosion , particularly near pipe connections. Reinforced glass fibre 
or plastic m aterial seem s to be the best solution, and the p rice  will in most 
cases be only slightly higher than for  painted steel. A so -ca lled  compound 
steel (m ild steel with a sta in less-stee l coating) may also be used. It com 
bines the corrosion  resistance of a thin sheet of stainless steel with the m e
chanical strength o f an ord inary steel plate. The tanks should be provided 
with taps fo r  sampling and should be vented through a filter, and som e sort 
o f liquid leve l indicating system  will be necessary .
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The amount o f liquid re lea sed  into such tanks should be kept to a 
minimum, allowing storage for  decay without exceeding the total delay tank 
capacity . F o r  th is reason , the use o f w ater e je c to r  pumps fo r  providing 
vacuum  should be avoided in active la b ora tories . Fundamentally, storage 
fo r  decay is  a better approach to the waste problem  than dilution, provided 
personnel are adequately protected against radiation from  the storage tanks; 
dilution does not reduce the amount of radioactivity released to the environ
m ent. The nuclides re fe rre d  to in the introduction all have rela tively  
short h a lf- liv e s  and th ere fo re  w ill decay  su fficien tly  in a p er iod  o f a few 
w eeks. The treatm ent o f the low  activ ity  waste w ill not give r is e  to any 
p rob lem s provided  its  volum e is  kept to a m inim um  and a separate waste 
system  is  available fo r  highly rad ioactive  solutions.

The liquid p rocess waste from  the production and dispensing boxes should 
be taken out o f the boxes through a bottom  outlet leading d ire ct ly  down to 
a p la stic  container p laced  e ither under the box o r  p re fera b ly  in the b a se 
ment, if one exists. Polyethylene is a suitable m aterial for such containers, 
which should not be la rg er  than 50 to 60 litr e s . A s fo r  all radioactive s o 
lutions the principle of double containers should be followed, providing trays 
with sufficient dimensions to collect the entire contents o f a full polyethylene 
bottle.

Pipe w ork fo r  p ro ce ss  waste should be co rros ion  resistant. Stainless 
steel, glass and polyvinyl ch loride are suitable. Full containers should be 
d iscon n ected  and rep la ced  by em pty on es . With a reason ab le  num ber o f 
extra containers available, full containers may be left for decay in a suitable 
s to re -ro o m  until the waste can be treated as ordinary sewage. It is  helpful 
fo r  the p ro ce s s  waste containers to be fitted with som e sort o f leve l indi
ca tor . This is  conveniently arranged with e lectrodes in the bottom  and top 
of the container, the liquid itse lf com pleting the circu it which in turn operates 
an alarm  when the container is  filled  to the lim it.

A ctive operations w ill a lso  produce solid  radioactive waste consisting 
mainly o f irradiation containers and used target m aterial. A sim ilar system 
with polyethylene containers p laced  under the boxes o r  in the basem ent is 
a lso  suitable h ere . If no basem ent is  provided, it may becom e difficult to 
find sufficient space under the boxes. With boxes placed together in a row 
a single liquid waste bottle may be used to serve three or four boxes, thus 
free in g  space fo r  solid  waste con ta iners. In a system  fo r  solid  waste the 
tubes should be as straight as possib le  with no sharp angles where cans and 
sim ilar  ob jects m ay get jam m ed. The need fo r  shielding of the waste con
tainers has to be considered in each case .

A ll working room s should be equipped with containers fo r  ordinary 
laboratory solid waste, like disposable gloves, paper, etc. The type of con
tainer widely used in hospitals, with a pedal-operated lid, is suitable.

A view  o f a w aste-treatm ent fa cility  p laced  in the basem ent of a p r o 
duction plant i s  shown in F ig . 14. TWo delay tanks fo r  low -activ ity  waste, 
each of 10 m3 volum e, are seen to the left. The steel drums in the centre of 
the picture are lined inside with 7 cm  of concrete, and serve simultaneously 
as shielding and trays fo r  the p rocess  waste polyethylene containers. The 
same type of container and drum is used for both the dry and liquid p rocess  
waste system s. Full containers are sim ply carried  away together with the
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FIG. 14. General view o f  basement for storage and treatment o f  solid and liquid waste (K jeller, Norway)

shielding drum and rep laced  by another by means o f a sm all carriage with 
a lift in g -ja ck . Tubes carry in g  radioactive liquid are provided with d r ip - 
trays underneath, and the presence of liquid in these, or in the waste con
tainer trays, actuates a leakage alarm system  by means of simple moisture 
detectors . Top shields fo r  the waste bottles are usually not necessary, but 
have to be provided in specia l cases.

P ersonnel p rotection

The most essential aspect of personnel protection in radiochemical labo
ratories  is training and instruction. New personnel should always receive 
a thorough training in radioactiv ity  before  being allowed to operate any of 
the installations single-handed. Special care should be taken to issue clear 
instructions for the work, both general instructions for  work with rad io iso
topes and m ore specia l regulations concerning the actual laboratory instal
lations. A detailed em ergency plan should be made known to all m em bers 
of the staff.

A s previously  noted, a w ell-established  system  for area m onitoring is 
essentia l fo r  the safety of a laboratory  of this kind. H owever, there is no 
need for elaborate fixed automatic monitoring system s; usually simple routine 
checks using portable equipment are just as effective . A certain degree of 
control in connection with the waste and ventilation system will be necessary, 
esp ecia lly  con trol of fan operation and red u ced -p ressu re  m easurem ent in 
p rocess  en closu res. B efore starting radioactive work in box units the re 
d u ced -p ressu re  conditions must be checked alw ays. M ost nuclear energy 
centres operate a central rad io log ica l protection  s e rv ice , which provides 
s e rv ice s  such as personnel film  dosim eter m onitoring, a ir filte r  tests for
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airborne contamination, sm ear tests fo r  surface contamination in the labo
ratories and also m edical supervision  of personnel.

Contamination control instruments and dose-rate measuring instruments 
should always be at hand in the laboratory . Such instrum ents should p re 
ferably  be of a battery-operated , light and handy type.

Gas m asks with ch arcoa l filte rs  should be provided in the laboratory  
in a sufficient number (one for  each person) and a few sets of plastic overall 
suits and com pressed air resp irators should also be available. This equip
ment m ay be needed in an em ergen cy  and it w ill be n ecessa ry  when a box 
unit has to be opened fo r  som e sort o f maintenance w ork. A m aterial that 
always proves useful in the handling o f radioactive m aterials and contam i
nated ob jects is polyvinyl ch loride sheet. It may be obtained in various 
thicknesses and qualities and should always be at hand in sufficient quantities.

A laboratory like this is not very  likely to catch fire , but fire-extinguishers 
should be provided  in a sufficient num ber. The pow der-type extinguisher 
is the m ost effective in a serious case . F or fire  inside an enclosure sm all 
carbon dioxide units are p re ferred . If the laboratory should catch fire , the 
general principle to be followed in such an installation is that the fire is more 
dangerous than the rad ioactiv ity ; th ere fore  general ru les fo r  the handling 
of radioactive m aterials have to be disregarded to som e extent if necessary 
during the fire  fighting. Detailed plans on dealing with a fire  should always 
be established with a view  to m inim izing the risk  from  the spread 
of contam ination.

The need fo r  sufficient space in changing room s in the laboratory  has 
already been m entioned. This area should be divided into three parts, an 
"inactive" cloakroom  where the regular staff can leave clothes and things that 
do not need to be brought into the active area, an "active" wardrobe for labo
ratory coats and specia l shoes or shoe covers , and between these a control 
•and decontamination section, equipped with the necessary instruments, sinks 
fo r  washing and p referab ly  a show er. Decontam ination m ateria ls and a 
reserv e  o f spare clothing should a lso  be available. A fter a contamination 
accident, the m on itoring of peop le  involved  can take p la ce  in this ro o m .

C onclusions

The handling and p rocess in g  fa c ilit ies  n ecessa ry  fo r  maintaining a 
national isotope production and distribution serv ice  have been described  in 
the preceding pages. The general recom m endations can be sum m arized 
as follow s:

A m odest production program m e, com bined with the dispensing of im 
ported isotopes, can be carried  out in a sm all laboratory (~75 m2) equipped 
with a few shielded boxes. In such a situation the production group should 
be c lo se ly  associa ted  with a nuclear chem istry  group which could provide 
auxiliary space and equipment for analytical control, counting and other ser
v ices . Such an organization should be considered as tem porary.

A program m e com prising the production of those isotopes m ost widely 
used in m edicine will require a special laboratory facility, preferably a s e 
parate building or wing specially constructed for the purpose. The laboratory 
floor  area requirem ent will be at least 400 m 2. The design of such labora
tories  should not be undertaken without the aid of experts.
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A large proportion  of the problem s encountered during the planning of 
an isotope production facility  will depend on loca l conditions (clim ate, terrain, 
legislation) and cannot be discussed further here. However, a few general 
princip les should be pointed out:

The use o f shielding, manipulators and other specia l equipment should 
n ever be ca rr ie d  to ex trem es . V ery  often the resu lt o f extra  investm ent 
in shielding and tongs is  that operations becom e m ore  d ifficu lt and t im e - 
consuming, to such an extent that the dose received  is not reduced. If 
handling methods are made too com plicated and inconvenient personnel will 
not use the equipment properly  unless supervised. Much working tim e can 
be lo s t . A ll handling methods and operations should therefore be carefu lly  
exam ined b e fore  decid ing upon the amount of rem ote-handling equipm ent 
and shielding to insta ll.

Most of the equipment needed for radioisotope production is now available 
com m ercia lly  and inm ost casesth e  best results, both technical and econom ic, 
will be achieved by the use' o f such standard equipment. An important point 
in the planning of a production  la b ora tory  is  to decide to what degree  one 
should make use o f com m ercia l equipment. There are firm s today offering 
for sale complete laboratory facilities of this kind and also standard shielding 
box units complete with chem ical processing equipment, dispensing facilities, 
etc., ready for installation in suitable laboratories.

Those planning an isotope laboratory are recommended to examine care
fu lly quotations from  firm s having specia l experience in the field  of sm a ll- 
and m ed iu m -sized  rad ioisotope plants b e fore  starting to make everything 
them selves from  the beginning. Instead of 5 yr for the gradual development 
of a full program m e,, the period may be reduced significantly by utilizing the 
experience gained by others, and much money will be saved.
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4. DISPENSING OF RADIOISOTOPE SOLUTIONS

When a radioactive isotope has been prepared from  an irradiated target 
the stock solution is  generally transferred to a labelled container. Samples 
are rem oved fo r  the determination of radioisotopic and chem ical purity and

46



the radioactivity is measured. The solution is not necessarily ready for  use, 
particu larly  if it is  requ ired fo r  m edica l purposes. The solution w ill have 
to be sub-divided, it may have to be diluted, neutralized, buffered and 
possib ly  sterilized .

Although it is a relatively  sim ple matter to place dispensing pipettes in 
with the production equipment, it is  usually difficult to find sufficient space 
fo r  a sealing m achine, an autoclave and m easuring equipment fo r  checking 
the content of the filled  bottles. It could also lead to unnecessary duplication 
of equipment if m ore than one radioisotope solution is regularly handled. The 
arrangement which is generally preferred  is to construct a separate dispens
ing enclosure at another place in the isotope laboratory. A ll of the necessary 
apparatus can then be laid out in the most effective way for  routine dispensing 
operations. The design of the enclosure will, of course, vary according to 
the radioisotopes and activity being handled. F o r  large amounts of gamma 
em itters, such as io d in e -131, g o ld -198 and sodium -24, a fully shielded 
rem otely operated enclosure w ill be required. F or sm all quantities of pure 
beta em itters, such as phosphorus-32, sulphur-SS and ch lorine-36, a glove 
box or good fume hood w ill su ffice. The design aspects of laboratories and 
equipment fo r  this purpose have a lready been d iscu ssed  in som e detail in 
the p reced in g  section .

The p rocess  of dispensing a radioisotope solution can be reduced to about 
five operations which are d iscussed  in m ore detail in what fo llow s. Several 
photographs (F igs. 13-24) illustrating typical dispensing operations have been 
co lle c ted  together at the end o f this section . System s and equipment are 
d escr ib ed  in R e fs . [1 -3 ] .

The s to ra g e  o f  so lu tions

T o fa cilita te  subsequent w ork , and to avoid p oss ib le  confusion , it is  
essential that stock solutions of radioisotopes should be properly stored and 
labelled  system atically  with sufficient inform ation to identify each solution 
c le a r ly . Labelling is  best kept to  a m inim um , the sym bol fo r  the isotope 
and production  batch num ber usually being su fficien t to identify the stock  
uham biguously. A ll n ecessa ry  further inform ation should be record ed  on 
the "operation  sh eet", an exam ple o f which is  shown in T able I.

Operation sheets are usefully prepared in duplicate, one copy being sent 
to the dispenser and the other used fo r  control laboratory purposes, such as 
fo r  b io log ica l control when this is  required fo r  m edical isotopes.

Storage of solutions is preferably in glass or in plastic. A good quality 
neutral g lass, such as is  used in pharm aceutical preparations, is ideal. 
Polythene o r  polystyrene are acceptable. There is  an advantage in having 
a transparent con ta iner sin ce  any slight turbid ity , p recip ita tion  o r  other 
deteriora tion  o f the solutions can be read ily  observed .

The s ize  and design of the storage area w ill obviously  vary accord ing 
to lo ca l needs. It can be located either within the dispensing area if space 
perm its or , p referably, in a separate enclosure. In either case sufficient 
space should be allowed fo r  additional stock solutions prepared by dilution 
from  the orig inal sin ce  it is  often convenient to have solutions of sev era l 
concentrations available, fo r  exam ple, 1 m C i/m l, 10 m C i/m l and 25 m C i/m l. 
Shielding m ust take account o f the highest activ ity  likely  to be stored .
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P R E P A R A T IO N  OF IO D IN E -131

TABLE I

Service

Group

Operation No. 58 

Catalogue reference: I -S -5

Nature o f  target: T e 0 2

Weight: 100 g

Container Nos: 101 - 102

Reactor: W Z 2

Duration o f  irradiation: 15 d

Flux: 3 X  10“

Unloading date: 10 March 1964

Carrier: None

Buffer solution: Na carbonate + thiosulphate

Volum e: 5 ml

Specific activity : No carrier

Radioactive concentration: 36 m C i/m l

Volum e o f  solution: 50 ml

Total activity: 1800 m C i a t ..........hours

Date: 12 March 1964

Spectrographic purity: Good

pH: 9. 5

Observations: None *

O p erator ................

Countersignature: ..................................

A com m on fo rm  of storage area con sists  of a con crete  o r  lead b lock  
containing a se r ie s  of num bered and plugged cavities into which bottles of 
stock  solution can be placed by m eans of tongs, or with a sim ple overhead 
crane. Small storage units have been made which consist of trays capable 
o f being rotated and ra ised  (F ig. 1) or, m ore sim ply still, an isolated area 
o f the laboratory protected  by lead brick s (F ig . 2).
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F I G .l .  Sm all storage unit with m ob ile  tray

Sub-division (pipetting)

The m ost im portant step in the whole of the d ispensing operations is  
the actual sub-division  of the stock solution into the aliquots required by the 
users. This must be done as accurately as possible and without c ro ss 
contam ination from  other rad ioisotopes which may be handled in the same 
en closu re . It is  useful to establish  a dispensing routine in which certain  
isotopes are dispensed only on certain days, though such a system  must not 
be too rigid and the dispenser should be in a position to meet urgent orders 
at short notice. In this way the u sers becom e accustom ed to the pattern of 
supply and commonly adjust their orders accordingly. Further, most isotope 
production  labora tories  w ill be tied to regu lar rea cto r  unload dates which 
will, to a large extent, determine the tim es at which radioisotope solutions 
are available fo r  dispensing and distribution. In this way the risk  of c ro s s 
contamination and confusion of solutions is also m inim ized.



PH O SPH O R U S-32

o f: Friday, 10 January 1964. Date o f  measurement: 13 January 1964

TABLE II

N o .* Users
A ctiv ity

requested
(m C i)

For use on 
(Date and tim e)

C atalogue 
or other 

reference
N o.

Observations
and

com m ents

Solution*
No.

V olum e*
(m l)

V olu m e*
activity

(m C i/m l)

S pec ific*
activity

No. o f*
bottles Remarks 

10 m l 30 m l

64 DUVAL 5 S-2 13 2. 5 2 carrier-
free

1

65 PEETER 10 S-2 13 5 2 1

66 ALFRED 20 S-2 13 . 10 2 » 1

67 JOHN 1 S-2 13 0. 5 2 •• 1

To be filled  in by dispenser



F IG .2 . Isolated area for storage protected by lead bricks

It is convenient to group o rd ers  fo r  the sam e isotope, o r  ord ers  that 
are of the same nature, together. F or  example, orders fo r  radioisotopes 
fo r  m ed ica l use have to go through the sam e p rocedu re  and are th ere fore  
conveniently done at the same tim e. Instructions from  users are not always 
in the same form  and som etim es are not very clear. Conversion of orders 
into standard system atic  te rm s leads to le s s  lik elih ood  of e r r o r . T hese 
points can be taken care of by using either separate form s fo r  each order or, 
m ore  usually, by preparing a "D ispensing Sheet" fo r  each group of orders 
fo r  a given isotop e . A typ ica l exam ple of a d ispensing sheet is  shown in 
Table II.

The n ecessa ry  calcu lations fo r  each ord er are com pleted be fore  d is
pensing operations start. Duplicates of such dispensing sheets can also serve 
fo r  the preparation of delivery notes and for planning delivery arrangements. 
A ll calculations and entries on the dispensing sheet should be checked by a 
second operator.

B ottles

The ch o ice  of bottle fo r  containing ra d io isotope  solu tions, and th e ir  
preparation , req u ires  som e ca re . S crew -capp ed  bottles are  convenient 
fo r  non -m edica l preparations but m u lti-dose rubber closed  v ia ls, of the 
the pen icillin  type, o r  sea led  g lass am poules are  essen tia l fo r  in jectable  
radioisotopes which have to be sterilized . The present trend amongst many
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established isotope producers is to use only one type of bottle -  usually the 
m ulti-dose vial.

Bottles should preferab ly  be made of good-quality neutral glass of the 
type used in the pharm aceuticals industry. Specifications for such glass can 
be found in severa l of the national pharm acopoeias. Soft soda glass should 
be avoided since its soluble alkali content is liable to cause variations of the 
pH of solutions and loose  particulate m atter from  such .glasses can have a 
m arked adsorption  fo r  c a r r ie r - fr e e  rad io isotopes.

Bottles should be washed in acid detergent solution and thoroughly rinsed 
with d istilled  water, dried and stored in clean d u st-free  conditions. It is  
convenient to labe l the bottles with the details correspon d in g  to each  d is 
pensing before filling them. The label need carry only sufficient information 
to identify the isotope and the amount of activity  present. Detailed in fo r 
m ation is  not easily  read on a sm all bottle containing a significant amount 
of radioactivity, fo r  obvious reasons, and if much inform ation is to be pre
sented it is  best put on accom panying package labels o r  on separate docu
ments. It is obviously necessary  also to choose labels which will withstand 
steam sterilization .

The fillin g  area

Many different system s have been devised fo r  the actual filling opera
tions. It is  not possib le  to describe them all but on ly tog ive  general guidance 
and to re ly  on lo ca l invention to design the equipment which best suits loca l 
needs. Much can be learned from  photographs of existing installations.

The dispensing area has to provide the apparatus for several operations. 
The stock  bottle com ing from  storage w ill have to be opened. A ll bottles 
have to be m oved and handled without the risk  of overturning them and fo r  
such operations as opening, a jig  or v ice  to hold the bottle is  advisable. If 
the stock  solution does not com e from  the production  plant ready fo r  d is 
pensing, it w ill be n ecessary  to provide, in the dispensing area, means for 
dilution and pH adjustment. Dilution as, for example, in preparing subsidiary 
stocks of lower concentration, is carried out by preparing the diluent outside 
and then introducing it into the installation. The required amount of radio
isotope solution is  then added and the whole thoroughly m ixed, if necessary 
by the use of a magnetic s tirre r , though thorough shaking is  usually sufficient.

The adjustm ent o f pH is  usefu lly  done with a standard labora tory  pH 
m eter outside the installation connected, by means of shielded cable, to 
e le ctrod es  within the ce ll . If the m eter is  m obile  it can be used to serve  
severa l sets of e lectrod es  in different ce lls  or boxes. Standard buffer and 
a m eans o f r in sin g  the e lectrod es  should be perm anently available within 
the ce ll.

The essential step in dispensing radioisotope solutions is of course the 
actual volum etric sub-division of the stock solution into the aliquots required 
fo r  each u s e r 's  o rd er. The problem  of devising ways of doing this are not 
difficult fo r  beta em itters contained in a fume cupboard or simple glove box. 
If the d ose -ra tes  are sufficiently low to allow the use of hands, then all that 
is  needed is  a se r ie s  of graduated glass pipettes (one fo r  each isotope) and 
a series  of hand-operated rubber bulbs for filling the pipettes and discharging 
a m easured volum e. When the activity handled requ ires lead shielding and
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rem ote control the system  at once becom es m ore com plex. In its sim plest 
fo rm  rem ote con trol d ispensing can be done with a pipette (one of severa l 
taken from  a storage rack) held in rem ote handling tongs and connected by 
m eans of a p lastic  tube to a hypoderm ic syringe outside the ce ll. In m ore 
highly engineered system s the pipette may be mounted in a fixed location and 
moved vertica lly  by rem ote m echanical means. Because of the need to read 
pipette graduations from  a distance "P hotophor"-type pipettes w ill be found 
useful.

F o r  m ore  advanced m echanical rem ote control of pipetting operations 
there is a choice between two alternatives. In the first alternative a fixed 
pipette, o r  burette, is  used together with a m oving p latform  or  revolv ing 
tray which ca r r ie s  the stock  solution and the bottles into which the rad io 
isotope is  to be dispensed; it is an advantage if the platform can both revolve 
and be ra ised  and low ered . The second  com m only  used alternative is  to 
mount the pipette on a mobile support sim ilar to a bridge crane and to locate 
the bottles on the working surface of the enclosure (Fig. 3).

Two other p ieces  of equipment are of interest in this context. The 
Metrohm burette (F ig. 4) and the burette specially designed for this purpose, 
the CEA burette [4 ], in which the volum e is  read on a dial located outside 
the enclosure. In both of these instruments the draining and refilling opera
tions are effected by means of a m otor-driven Teflon piston (Fig. 5).

W here only one pipetting system  is  installed it must be possib le  to r e 
place the pipette each time the radioisotope is changed in order to avoid
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FIG. 4 . Metrohm burette

cross-con tam in ation  (F ig. 6). Standard pipettes may be used. A standard 
ground-joint is fused to the upper end of the pipette and attached to the piston 
assem bly which has a s im ilar standard joint. Whatever the system  employed, 
p ipettes must be thoroughly rinsed  a fter use. F o r  this purpose, a v esse l 
containing d istilled  water can be introduced into the ce ll but it is  preferable 
to have a fixed washing point placed in the pipette's line of movement. Drain
ing of the wash container can be effected by means of a syphon. Pipettes not 
in use can be stored in a rack and should be clearly  marked with the name of 
the isotope fo r  which they are used. A fter filling the bottles are then moved 
to the sealing machine.

Sealing

Bottles should not be moved about the c e ll  without being sealed and this 
should be done as soon after filling as possib le . When screw  caps are used 
the bottle may be locked  into a p lastic b lock  or v ice  and the cap applied by



FIG. 5 . Pipetting zone

means of screw  action tongs. When the "pepicillin " type is used the stopper 
is  placed in position with tongs and the cap crim ped on with a special sealing 
m achine. The rubber stoppers are made either of latex or of other elasto
m ers. They should be tested before use to ensure that they absorb no acti
vity and that no undesirable im purities are released from  them into solution. 
They should be carefully washed in dilute hydrochloric acid, rinsed thorough
ly in d istilled  water, a ir -d r ie d  and p laced  fo r  storage in du st-free  boxes.

V arious types of com m ercia l sealing m achines are available which are 
easily m odified fo r  rem ote control. Figure 7 illustrates one such type. Care 
must be taken in adjusting these m achines since a slight maladjustm ent in 
centring can result in bottle breakages. The sealed bottle is  now ready fo r  
sterilization .

Sterilization  [5, 6, 7]

Isotopes fo r  injection should be sterilized  as soon as possible after dis
pensing to avoid bacteria l growth and the developm ent of pyrogens. Of the
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FIG. 6. Interchangeable pipettes FIG .7. One type o f com m ercially available sealing machines
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FIG. 8. Com m ercially available standard autoclave with pneumatic jack
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FIG-. 9. Horizontal autoclave for rem ote control FIG. 10, Vertical autoclave for remote control



various methods used in pharm acy fo r  sterilization , only two are useful fo r  
radioactive solutions. The m ost com m only used is  heating in an autoclave 
(steam  sterilization ). O ccasionally, fo r  heat labile m aterials, sterilization 
by filtration is necessary.

A lternative recom m ended  m ethods are  w ell d escr ib ed  in the various 
pharm acopoeias. F or all practical purposes, particularly where short-lived 
isotopes are being dispensed, heating in an autoclave is the only method which 
needs to be considered by the sm all isotope production unit. In this method 
the sealed bottles are heated at 1 1 5 °C - 120°C in saturated steam  fo r  thirty 
minutes. This is  regarded as an absolute method of sterilization and, p ro
vided the tim e and tem perature conditions have been co r r e c t , there is  no 
need fo r  routine checks fo r  b a cteria l contam ination, though of cou rse  the 
o cca sion a l check  is  advisable.

Sterilization by heating in an autoclave can be achieved either by means 
o f a suitably m odified household p re ssu re -co o k e r , heated e le ctr ica lly  and 
fitted with an additional p ressu re  gauge, o r  with one o f the com m ercia lly  
available standard autoclaves such as illustrated in F ig . 8. A utoclaves are 
available, specia lly  m odified  fo r  the steriliza tion  of rad ioisotopes and 
adapted fo r  rem ote  con tro l [8] . Such types a re  shown in F ig s . 9 and 10.

It may be necessary  occasionally  to resort to sterilization by filtration. 
This is especially necessary for heat labile organic m olecules and is normal
ly  ca rried  out at room  tem perature through specia l bacterio log ica l filte rs . 
The technique is , how ever, a highly sp ecia lized  one requ iring  knowledge 
of aseptic manipulations and it is recommended that this method is not under
taken without seeking the advice of a sk illed  bacterio log ist o r  pharm acist.

The sam e com m ents apply to the use of added chem ical agents such as 
bactericides and bacteriostatics. The use of these m aterials in pharmaceutical 
preparations is  usually c lose ly  regulated by national legislation  [9] and the 
isotope produ cer interested in the possib le  use of such m aterials in radio
active preparations is  strongly recom m ended to take expert advice.

Pa ckaging

B efore  despatching the bottle it is  a w ise precaution to ensure that no 
e r r o r s  have crept into the d ispensing o r  into the ca lcu lation s associa ted  
with the particu lar consignm ent. M easurem ents of great accuracy are not 
required; all that is  needed is to make sure, by means of an ionization cham
ber, whether the activity on the label matches the actual content of the bottle. 
It is  easy to make a m istake in dispensing, fo r  example, by a factor of 10 
in the calculations, especia lly  when a large number of bottles is  being fiiled 
in one operation. The final check  enables any irregu larity  of this sort to 
be detected before  the consignment is  shipped. Check m easurem ents need 
be accurate only to within 10% or so.

Any detector built into a dispensing unit will have to be shielded ca re 
fu lly  to avoid m easurem ents being disturbed by the radiation background 
fro m  the stock  solutions awaiting dispensing. If the detector is  carefu lly  
calibrated in advance fo r  various radioisotopes and long-lived standards kept 
to hand fo r  occasion a l checking throughout the day, there is little likelihood 
o f e r r o r  arising . Beta em itters can be checked in this way if the detector 
is  sensitive to brem sstrahlung.
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L astly , bottles should not be rem oved  from  the dispensing en closu re 
without som e form  of protection  against spillage. It is convenient, fo r  this 
purpose, to use the inner packaging m aterial (e. g. the tin can) in which the 
consignment w ill eventually be shipped.

Finally, the consignment w ill have to be packed, together with appropriate 
docum ents, taking due account of the need fo r  safe transport [10-13] .

The entire set-up  fo r  the d ispensing o f gam m a em itters  is  shown in 
F i g s .11 and 12.

FIG. 11. Dispensing unit for gamma emitters

IO N IZ A TIO N  F IL T E R  C A P S U L E  E L E C T R O D E  C O N VEYO R

FIG. 12. Dispensing unit for gamma emitters
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FIG. 13. View o f a radioisotope laboratory showing a Perspex-shielded dispensary for beta emitters and gamma 
dispensing shielded with 10 cm lead. In the background is a concrete storage unit for stock solutions 
(By courtesy o f the UKAEA Radiochemical Centre, Amersham, United Kingdom)

FIG. 14. A general view o f  a dispensary for beta emitters. In the background is a direct reading measure
ment equipment connected to a bremsstrahlung chamber within the dispensing enclosure 
(By courtesy pf the UKAEA Radiochemical Centre, Amersham, United Kingdom)
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FIG. 15, View o f a dispensary for gamma emitters. The operations are similar to those illustrated for beta 
dispensing. Shielding is 10 cm of lead and viewing is through lead glass windows 
(By courtesy o f the UKAEA Radiochemical Centre, Amersham, United Kingdom)

FIG. 16. Dispensary for beta emitters. Opening a stock solution o f several curies o f  phosphorus-32 
(By courtesy o f the UKAEA Radiochem ical Centre, Amersham, United Kingdom)
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FIG.17. Dispensary for beta emitters showing local shielding of stock solutions and a rem otely-controlled 
pipette operated by means of stainless-steel bellows
(By courtesy o f the UKAEA Radiochemical Centre, Amersham, United Kingdom)

FIG. 18. A c lo se -u p  of 
dispensing showing the stock 
bottle and multi-dose vials 
ready labelled. The trolley 
is moved on its track by 
means of the control on which 
the operator's left hand is 
resting
(By courtesy o f the UKAEA 
Radiochemical Centre, 
Amersham,United Kingdom)
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Dispensary for beta emitters. Sealing the caps on multi-dose vials 
;e$y o f the UKAEA Radiochemical Centre, Amersham, United Kingdom)

FIG.20. Dispensary for beta emitters. Two domestic pressure cookers adapted for sterilizing solutions. The 
lid is closed by hand using the glove at the back o f  the c e ll .  The temperature and tim e o f the sterilizing 
cy c le  are recorded outside the box
(By courtesy o f  the UKAEA Radiochemical Centre, Amersham, United Kingdom)
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FIG. 21. Dispensary for beta 
emitters. Checking the a c 
tivity o f  a dispensed solution 
by means o f a bremsstrahlung 
counter
(By courtesy o f the UKAEA 
Radiochemical Centre, 
Amersham,United Kingdom)

FIG.22. Dispensing o f gamma emitters. Removing a consignment o f a gamma-emitting isotope, iodine-131, 
from the dispensary
(By courtesy o f the UKAEA Radiochemical Centre, Amersham, United Kingdom)
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FIG.23. Dispensing gamma emitters. Lead transport containers, labels and documents ready for packing 
as consignments are dispensed
(By courtesy o f the UKAEA Radiochemical Centre, Amersham, United Kingdom)

F IG .24. Dispensing gam m a em itters. Inner containers awaiting sealing and packaging for despatch 
(By courtesy o f  the UKAEA R adiochem ical Centre, Am ersham , United Kingdom )
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5 . REQUIREMENTS FOR PRODUCT QUALITY CONTROL

Methods of quality control are discussed here in general term s and are 
intended only as a guide to good p ra ctice . The rea d er  should, how ever, 
acquaint h im se lf with other statutory requ irem ents fo r  quality which m ay 
ex ist in his own country, particu larly  fo r  isotop es used in m ed ica l appli
cations .

F irst, it will be useful to define the main purity concepts before exam i
ning them in detail.

The rad io isotop ic  purity (som etim es re fe rre d  to as radioactive purity 
or radionuclidic purity) of a radioactive preparation consisting prim arily  of 
one radioisotope is the proportion of the total radioactivity which arises from 
that radioisotope. Radioisotopic im purities are usually the result of inactive 
im purities in the target m ateria l which give r is e  to isotopes other than the 
one d esired  by con cu rrent nuclear reactions on the target m ateria l (fo r  
exam ple, a np o r  na reaction  occu rrin g  at the same tim e as a ny reaction) 
or of incom plete separation of a radioisotope from  its target during chemical 
p ro ce ss in g  (e. g. the p resen ce  o f su lphur-35 in phosphorus-32  separated 
from  irrad iated  sulphur).

The radiochem ical purity o f a radioactive preparation in a given chem i
cal form  is the proportion of the radioisotope which is in that chem ical form . 
The presen ce  o f iod a te -I131 in a solution intended to be entirely  io d id e -I131 
is  an example of radiochem ical impurity in a solution which is radioisotopi- 
cally pure.
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The chem ical purity of a radioactive m aterial concerns the presence of 
non-radioactive im purities in a preparation. They may arise from  the target, 
the solvent, or from  reagents used in processing the radioisotope.

The following list of form s in which radioisotopes might be used in m edi
cine indicates the kind of quality control required:

(a) Irradiated m aterials used directly , e. g. gold grains, yttrium oxide 
pellets, cobalt needles, etc. Here quality control is concerned only 
with dosim etry , nam ely, with the activ ity  o f the sou rce  and the 
radiation d o se -ra te  it produces under certain  defined conditions.

(b) Irradiated targets brought into solution, e .g . solutions of sodium-24 
ch loride o r  potassium -42 ch loride prepared by sim ple dissolution 
of the irradiated carbonate in hydrochloric acid. Here radioassay 
and rad io isotop ic purity are im portant. C hem ical im purity is un
likely  to a rise , though pH and isoton icity  may be im portant.

(c) R adioisotopes which are prepared by chem ical separation from  an 
irrad iated  target, e. g. solutions o f ph osphorus-32  as phosphate 
and io d in e -131 as iodide. Here possib ilities  of radiochem ical im 
purity are also present.

(d) R adioisotopically  labelled compounds used, for  exam ple, in diag
nosis, such as iod ine-131-labelled  human serum albumin or iodine- 
131-labelled insulin. Additional quality control tests here may in
clude verifica tion  of the m etabolic behaviour of the product since 
labelling  m ay m odify  its p rop erties .

(e) R adioisotopes in collo ida l form , e. g. colloidal g o ld -198, yttrium -90 
co llo id  o r  ch rom ic phosphate-P32, are specia l cases of radioactive 
products which may need special additional controls, such as parti
cle  size determinations.

Any o f the above types o f product m ay need to be tested  fo r  ster ility  
and freed om  fro m  pyrogens i f  they are intended fo r  in jection  into human 
patients.

The eventual purity of a product is often a com prom ise between the ideal 
requirements of the user and what is readily possible from  the manufacturing 
point of view. Extensive purification w ill often reduce the yield; the choice 
o f test may depend on what is practica l by rem ote control means or what is 
sufficiently speedy. These factors becom e especially important when dealing 
with short-lived radioisotopes.

Control o f radioactive p rop erties  

Radioactive concentration

M ethods o f determ ining the rad ioactiv ity , and hence the radioactive  
concentration, have been dealt with fully in Section 6 and need be mentioned 
here only as one of the factors in quality control.

Radioactive (radioisotopic) purity

Radioactive im purities arise during the irradiation of the target material 
by nuclear reaction s other than that resp on sib le  fo r  the main product, by 
nuclear reactions on chem ical impurities in the target material and, possibly,
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by contamination with other radioisotopes during the production processing. 
The im purities arising by the firs t  two means can be estimated from  known 
nuclear constants [1 ], the irrad ia tion  conditions and the known ch em ica l 
purity o f the ta rget. The extent to which they are presen t in the product 
may depend also on the e ffic ien cy  o f the separation p rocess , if one is used. 
The production o f other radioisotopes of the same atomic number as the one 
required can be reduced by using isotopically  enriched targets.

Gam m a-em itting im purities can be identified and determined by gamma 
spectrom etry [2 ,3 ], This method, which is com m only used, has some lim i
tations, since the gamma impurity can be detected only if its gamma energies 
are sufficiently different from  the gamma energies of the main product. In 
som e circu m stances, how ever, it is  very sensitive, particularly if at least 
one o f the gam m a en erg ies  o f the im purity is  higher than the m axim um  
gamma energy o f the main product,e. g. in the determ ination of sod iu m -24 
in potassium -42 . By contrast, the method is  not suitable fo r  the determ i
nation o f rad ioactive  tellurium  in iod ine-131 [4]; in this case  radioactive  
tellurium  can be detected only in amounts greater than 5-8%. Gamma spec
trom etry is also lim ited when it is used to determine the presence of gamma- 
em itters in pure beta-em itters because of the continuous spectrum of brem s- 
strahlung which may obscure sm all gamma peaks [5].

The determ ination of im purities by the method o f b e ta -ra y  absorption 
in aluminium absorbers is lim ited to cases where the maximum beta energy 
is  higher fo r  the im purity than fo r  the main radioisotope [6 ], This method 
is  also insufficiently sensitive for the determination of beta-emitting im puri
ties  in beta -gam m a-em itters : such m ixtures may be analysed by means of 
a variab le  voltage p lastic scintillation  counter which w ill reso lve  d iffering 
beta -en erg ies  [7J.

The presence of lon g-lived  im purities in sh ort-lived  radioisotopes can 
be estim ated , when tim e a llow s, by fo llow ing the rad ioactive  decay  ov er  
10-20 h a lf- life  p er iod s . This has been  used, fo r  exam ple, fo r  the d e ter 
m ination o f phosphorus-33 in phosphorus-32 [8, 9], fo r  the determ ination 
o f iod ine-129  in iod ine-131 [10] and fo r  the p resen ce  o f io d in e -1 3 1  in 
io d in e -132 [11]. C learly  this cannot be the 'method fo r  routine use since it 
necessita tes the a lm ost com plete decay of the product be fore  the resu lt is 
known.

One o f the m ost reliable methods for the determination of radioisotopic 
im purities is  that of ch em ica l separation, using the appropriate ca r r ie r s , 
followed by measurement of the activity of the separated fractions. A chem i
cal separation of this sort has been used for the determination of sulphur-35 
in phosphorus-32 [12], fo r  the determ ination of tellurium  in iodine-131 [4] 
and fo r  the presence of sod iu m -24 in potassium -42 [5], Separation of con 
stituent im purities by m eans o f paper e le c tro p h o re s is  is  another m ethod 
which has been used, fo r  exam ple, fo r  the determ ination of phosphorus-32, 
sulphur-35 and ch lorine-36  [13, 14], fo r  the determ ination of strontium -90 
in yttrium -90  [14], and fo r  radioactive tellurium  in iod ine-131 . A review  
o f this m ethod has been published [15], Ion-exchange separation follow ed 
by rad ioactive  m easurem ent o f the separated fraction s is  another variant 
of the sam e b asic  method and has been used fo r  the presen ce  of sod iu m -24 
in potassium -42 [16-18], and fo r  coba lt-60  in iron -5 9  [19], F inally, thin-

69



layer  chrom atography has been used in a s im ila r  manner fo r  the d eterm i
nation o f tellurium  in i o d i n e - 131, su lp h u r-35  in ph osp h oru s-32 and 
stron tium -90  in y ttriu m -90  1.20J. Some o f th ese m ethods m ay be used  in 
com bination as, fo r  exam ple, the use o f gam m a-ray spectrom etry  in con 
junction with chem ical separations for the determination of iro n -59, zinc-65, 
antim ony-124 and phosphorus-32 [5].

The requirem ents fo r  purity obviously vary according to the application 
fo r  which the isotope is  intended. In b ioch em ica l transport studies an im 
purity of 0. 2% of sodium -24 in potassium -42 is unacceptable. In short-lived 
isotopes used m edically  lon g -lived  im purities must not be present because 
o f the poss ib ility  o f their b io log ica l deposition . By contrast in the th era 
peutic use o f g o ld -198 the presence of 20% of g o ld -199 is considered as a c
ceptable because of the s im ilar properties of these two radioisotopes.

R adiochem ical purity

R adiochem ical im purities may arise  during the production p rocess  or 
during storage o f the product from  radiation se lf-d ecom p osition . F or the 
determ ination o f rad ioch em ica l im purities any method may be used which 
enables the d ifferent ch em ica l fo rm s  o f the rad io isotop e  to be separated. 
Because radiochem ical im purities are usually present only to a sm all extent 
the separation methods chosen have to be sensitive. Paper chromatography, 
paper e le c tro p h o re s is , ion -exch an ge and th in -la yer chrom atography are 
techniques in com m on use fo r  this purpose. Some exam ples w ill serve  to 
illustrate the kinds o f rad ioch em ica l im purity which may arise  in som e 
com m only used radioactive preparations.

In the preparation  o f phosphorus-32 solutions as an orthophosphate a 
sm all proportion  of the phosphorus-32 may be present as pyrophosphate or 
as h igh er-condensed  polyphophosphate. Such im purities can a r ise  during 
the evaporation of c a r r ie r - fr e e  ph osphoru s-32 solutions, especia lly  if  the 
temperature o f the evaporator is high and the solution is not sufficiently acid. 
In solutions of chrom ium -51 prepared as chrom ate, part of the activity may 
be present as ch rom ic ion, soluble o r  in solub le  [2 1 ], i f  insufficiently  o x i
dized during process in g  o r  as a consequence o f radiation decom position  of 
tjie solution [22], Low er valency ions may occu r in solutions of ir o n -59 as 
fe r r ic  ch loride  and in a rsen ic -7 6  solutions as arsenate. A rsen ic-74  s o l 
utions m ay also contain tra ces  o f ca cod y lic  acid if this m ateria l has been 
used as the target and incom pletely separated during the production process. 
Solutions o f io d in e -131 as iodide m ay also contain tra ce s  o f iodate since 
iodides are oxidized by atm ospheric oxygen, especially if in alkaline solution 
(pH> 8), or in the absence of reducing agents such as sulphite or thiosulphate. 
Soluble ionic gold may be present in preparations of colloidal gold-198.

Some m ethods used fo r  the determ ination of rad ioch em ica l im purities 
are listed  in Table I.

C ontrol o f  ch em ica l fa c to rs  

C a rrier  content

If the true sp ec ific  activity o f a separated radioisotope is  to be known 
with any accu racy  it is  n ecessa ry  to determ ine the total elem ent present,
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i .e .  the radioisotope plus any ca rr ier . This inevitably requires the m easure
ment o f very  sm all chem ical quantities. The methods available are numerous 
but the ones selected  w ill in general be those which are adaptable to active 
solutions and which do not requ ire  too la rge  a sam ple. C o lor im etry  has 
been com m only  used fo r  the determ ination o f phosphorus as the phospho- 
m olybdate com plex [36], fo r  chrom ium  as the chrom ate [32, 37, 38], o r  as 
the diphenylcarbazide [31 ], fo r  the determination of iron with o-phenanthroline 
[31], for  arsenic as the molybdate com plex 131] and for iodine as free iodine 
in carbon tetrachloride [39],

The total content o f sodium ch loride in a rad ioisotope solution, which 
has been  added fo r  pu rposes o f iso ton ic ity , is  conveniently  m easu red  by 
determ ining the conductivity o f the solution: pH by means of a sm all glass 
e lectrode [40],

Chem ical im purities

Chem ical im purities m ay arise  from  the target m ateria l or from  r e 
agents and apparatus used in processing. Impurities may be of the sort that 
would constitute a risk  if adm inistered m edically; fo r  example, the comm only 
recogn ized toxic or objectionable elements like arsenic, tellurium or selen i
um (which are likely  contaminants of io d in e -131 prepared from  irradiated  
te llu riu m ), o r  they m ay be en tirely  n on -tox ic  but be present in su fficient 
amount to interfere with the norm al behaviour of the isotope. The presence 
o f alum inium  (a ris in g  from  the irrad iation  cans) in ph osphoru s-32  is  an 
exam ple o f the la tter.

Im purity lim its  have been suggested [24, 39 ,41 ]. The se lection  o f 
methods used to determine sm all chemical impurities depends to some extent 
on what equipment is  available lo ca lly . S pectroscop ic analysis is  popular 
[24, 42-44] fo r  the reason  that many elem ents can be m easured sim ultaneously 
and it requ ires  only a very  sm all volum e of active solution. The c la ss ica l 
sulphide tests fo r  heavy elem ents and m odifications of the w ell-established 
"spot te s ts "  can often be adapted to use with very  sm all volum es o f active 
solution.

The particle  s ize  o f co llo id s

The b io log ica l behaviour of co llo id a l rad ioactive preparations may be 
influenced by the particle  s ize  of the co llo id  [45], In general, the particle  
s iz e s  o f a p articu lar co llo id  should be as uniform  as p oss ib le . E lectron  
m icroscopy  appears to be one of the best methods for  particle size determ i
nation 124,45 ,46], C entrifugal sedim entation has a lso been used [47] and 
where the two methods have been used comparatively the particle size distri
butions are in agreement, within the experimental e rror , for particles whose 
shape does not deviate sign ificantly  from  sph ericity  [48 ,49 ], F or the p a r
ticu lar  ca se  o f co llo id a l gold, absorption  sp ectra  can a lso  provide in fo r 
mation on particle size  [50], The tendency fo r  som e co llo ids , such as c o l
loidal chrom ic phosphate, to aggregate creates some difficulties in determ i
ning particle size  by electron m icroscopy.

71



TABLE I

M ETH O D S F O R  TH E  D E TE R M IN A TIO N  O F 
R A D IO C H E M IC A L IM PU R ITIES

Basic
ch em ica l

form
Methodx Conditions

Separation
tim e
(h)

Rp values 
or m obilities

Reference

32P05-4 PC-ascending Isopropanol, water, trichloro
a ce tic  acid , am m onium  hydroxide 
7 5 :2 5 :5 :0 .3

16 Phosphates: ortho 0. 75 
pyro 0 .4 5 , poly < 0. 35

[23-25]

PC-ascending Water, trich loroacetic acid,
am m onium  hydroxide, acetone 
1 7 0 :2 5 :1 .7 :3 2 5

1-2 phosphates: ortho > 
pyro > poly

[26]

PC-descending t-bu ty lalcoh ol, water, 
form ic acid  4 0 :2 0 :5

Phosphates: ortho > 
pyro > poly

[27]

TLC Ethanol, water, trichloro
ace tic  acid , am m onium  hydroxide 
80 j 1 0 :5 :0 . 3 ; ce llu lose

0 .5 Phosphates: ortho 0. 9 
pyro 0. 6 ; poly  < 0. 5

[28]

5JC rO | “

PE

PC-ascending

0 .1  M la ctic  acid

Water, ethanol, am m onium  hydroxide 
1 25 :5 0 :2 5

2 .5

Phosphates: ortho 
pyro and poly

C rO j" 0 .9 ;  C r 3* 0

[2 9 ,3 0 ]

[31]



TABLE I (c o n td .)

IE

59Fe3 + PC-^scending

PC-ascending

PE

PC-ascending

TLC

198Au
co llo id

PE

PC-ascending

TLC

Strongly basic anion exchange 
resin,dilute nitric acid 
as eluent

Butanol, water, a ce tic  acid , 
ethylacetoacetate
5 0 :3 0 :1 0 :5

Ethanol, pyridine, water, / 
am m onium  hydroxide 6 0 :2 0 :1 6 :4

0. 01 N sodium hydroxide

M ethanol, water 3 :1

A cetone, 6 N am m oniac 
1 :1 ; s ilicagel

0 .0 1  N sodium hydroxide

A cetone, water, hydrochloric 
acid  7 0 :2 0 :1 0

A cetone, water, hydrochloric
'a c id  7 0 :1 4 ; 16 ; s ilicagel

XPC paper chromatography (ascending or descending) 
TLC- thin layer chromatography.
PE -  paper electrophoresis.
IE- ion -exchange resin.

Cr 3+in first 25 m l 
o f  eluate

[32]

6 Fe3 + 0. 7 ; F ez+0 .2 5  [31]

2 A s 0 3 -0. 04 ; A sO | -0 .1 8 ; [31]
ca co d y lic  acid  0. 35

AsO|" As O f  . [33]

2 .5 -4  I 0 .9 ;  10j  0 .4  [3 4 ,3 5 ,2 4 ]

0 .7 5  I '  0 .9 ;  1 0 ; 0 .4  [20]

r  10j [33]

1 Au soluble 1; co llo id a l 0 [24]

1 Au soluble 0 .9 ;  co llo id a l 0 [20]



B iological control

R adioactive preparations used in m ed ica l applications must fu lfil the 
genera l requ irem ents fo r  other m ed icin es. The quantity o f the active in 
gredient m ust be accurately known, the purity must be adequately high and, 
in particular, those preparations intended fo r  in jection  must be sterile  and 
free  from  pyrogens. R eference has already been made to sterilization  and 
the need for sterility testing in Section 4. If testing for sterility and freedom 
from  pyrogens is undertaken it is recomm ended that skilled advice be sought: 
this is  particu larly  n ecessa ry  fo r  pyrogen  testing since consistent results 
are d ifficu lt to obtain and indeed the presence o f radioactivity may confuse 
results since radiation can itse lf cause pyrogenic reactions in test animals. 
However, much can be done in isotope processing to minimize the formation 
of pyrogens, such as using fresh ly  made reagents, using apparatus washed 
with pyrogen -free water and not keeping stock solutions of radioisotopes too 
long before sterilizing  them.

It is  c lear  from  what has been said in this section  that no single set of 
quality control tests w ill apply equally to all radioactive products. Quality 
con tro l has to be m atched to the use to which the products are being  put. 
M edical isotopes are in a c la ss  which requ ires  the m ost thorough control, 
though it is  recognized that this may becom e difficult, especially with short
lived isotopes'.

As a summary of what has been said already, and as a guide to suitable 
accuracies fo r  the control of m edical isotopes,
(a) R adioactive concentration  should be determ ined with a 5% re liab ility .
(b) R adioactive im purity should in general be le s s  than 0. 1%.
(c) R adiochem ica l purity should be greater than 95%.
(d) The sp e c ific  activity should be known.
(e) Solutions fo r  in jection  should be neutral and iso to n ic , s te r ilize d  and 

apyrogen ic, and n on -tox ic .
( f ) B io log ica l behaviour o f a product should be established .

6 . RADIOASSAY

The rad ioactive  products to be m easured  a re , in m ost ca s e s , in the 
fo rm  o f aqueous so lu tions. T heir concentration  m ay vary  betw een som e 
m icrocu ries  and several hundreds of m illicuries per gram of solution. This 
range only is  d iscussed here.

A laboratory  producing radioisotopes w ill routinely assay its products 
by som e "re la tive" procedures, i .e .  methods where use is made of apparatus 
previously  ca librated  fo r  the radionuclide in question by means of standard 
sou rces . These sou rces  can be prepared and calibrated absolutely by the 
laboratory  itse lf  o r  in many cases m ore  conveniently procured  from  e ls e 
where [1 ] .

This section  o f the Manual is  divided into four main su b -section s , as 
follow s; the firs t  gives a short general review of the methods recommended 
for the routine assay o f the radioactive concentration of solutions, preference
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being given to techniques fo r  which no specia l source preparation is n eces
sary ; the second contains a description  o f som e "absolute" methods which 
can be used fo r  the preparation of standard sources; the third contains some 
practica l details on sample preparations; and the last su b -section  gives re 
commendations fo r  the assay and calibration of a number of special nuclides.

General methods o f  radioassay

As the range o f 7 - rays in m atter is  much la rg er  than that of the other 
radiations emitted from  radioactive nuclei (a, 13 ,e -  and X -ra y s ), 7 -detection 
w ill be used whenever sufficiently intense 7 - rays are emitted by the sample. 
Fortunately, m ost o f the important radionuclides are y -em itters ; therefore, 
the 7 - assay is  by far the m ost im portant tool fo r  routine assay.

A ssay  o f 7 - em itting nuclides

To avoid m ore com plicated preparation procedures, whenever possible, 
the sam ples to be m easured should be in a solution of a volume not less than 
1 m l and should be in a c lo sed  con ta iner. F o r  volum es o f le s s  than 1 m l 
pipetting a ccu ra cy  m ay not be su fficien t fo r  an accu rate  standardization .

Since 7 - se lf-absorp tion  may not always be negligible the containers to 
be used fo r  the determ inations should a ll be o f the sam e d im ensions and 
should all contain the same amount of liquid. When the activity of thick solid 
sou rces  has to be assayed, se lf-a b sorp tion  correction s  must be m ade. In 
gen era l, this involves m ore  elaborate techniques; how ever, the s im p lest 
way to determine the self-absorption  correction  for a specific type of source 
is to m easure one source in its original form , then dissolve it and measure 
all o r  part of the solution in a calibrated detection arrangement. This ca li
bration  fa ctor  may then be used fo r  all so lid  sou rces o f the sam e form  and 
nuclide.

Ionization ch am bers. Ionization cham bers are the firs t  choice fo r  the rou
tine assay because o f th eir  w ell-know n stability . W hile a standard d irect 
current am plifier (voltage sensitive, high im pedance) is  sufficient fo r  m ost 
purposes, fo r  high precision  applications the m ore expensive vibrating reed 
e lectrom eters must be used. The so -ca lled  4w-gam m a-ionization chambers 
are widely used because their response is  relatively  insensitive to changes 
o f position  and dim ensions o f the sou rce  [2-4] . Such cham bers filled  with 
pressurized  argon give la rger currents (and backgrounds) but open chambers 
containing air at atm ospheric pressure fulfil most purposes [3] .

Since the response o f open cham bers va ries  with the a ir  pressu re  fo r  
m ost a ccu rate  m easu rem en ts, it is  recom m ended  to determ ine the ratio  
o f the ion current from  the unknown sou rce  to that of a long-lived  standard 
7 -sou rce . Any changes in the sensitivity are, therefore, compensated, since 
such changes will affect the response to the standard and the unknown source 
to about the sam e extent; m Ra o r  137Cs are suitable fo r  this purpose, and 
one should have a set of these sou rces to cov er  the whole range o f ion cu r 
rents gen era lly  encountered. F igu re 1 show s a 4 it gam m a-ch am ber fo r  
routine calibrations of various kinds of 7 -sou rces . Table I gives an example 
o f the ion ization  current per  m illicu r ie  fo r  a sp ec ia l 47r-gam m a-ch am ber
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F1G.1. 4  tt gamma ionization cham ber [5 ]

(Fig. 1) and also the activity of each radionuclide equivalent to a special ra 
dium source (nominal activity 25 /uCi) [5] .

When m easuring la rg e r  activ ities , outside the range o f the am plifier, 
it may be necessary to reduce the sensitivity. This may be done by connect
ing condensors in para lle l in order to in crease the effective input capacity. 
The wall o f the inner tube must be thick enough to stop all (3-rays (e .g . 2 mm 
of brass).

Combined 47r-gam m a-beta ionization chambers are also often used (see 
F ig . 4); fo r  ^ -so u rce s  they have nearly as good ch aracteristics  as the 4 tt7 
cham bers meant exclusively  fo r  7 -detection . F or very  large sources ion i
zation cham bers o f low er geom etric e ffic ien cy  ( i .e . low er sensitivity) are 
useful. The sensitivity may be very  sim ply changed by varying the distance 
between the cham ber and an external sou rce  by means o f an optical bench 
[6 , 7] . Because the maximum sensitivity is considerably low er than that of 
47r cham bers, and shielding of the whole assem bly is difficult, this technique 
is rarely  used.
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TABLE I

RESPONSE OF A T Y P IC A L  4tt-y -IO N IZA T IO N  C H AM B ER  
(height, 34 cm ; ex tern a l d ia m ., 20.5 cm ; fi llin g , 1000 m m  argon ; 

no sh ie ld ; background  2X10 ' 14 A ; 4 m l o f so lu tion  in  a 
sea led  g la ss  am pou le) [5]

N uclide

Equivalent activity o f  
a Ra standard source

(25.0 Mg)
GxCi)

Current 
sensitivity 
(A / mCi)

22 Na 16.66 2 .5 4  X 10“ 10

54 Mn 4 4 .8 0.943

51 Cr 788.5 0.0536

59 Fe 35.5 1 .190

60 Co 17.17 2 .4 6
)

65 Zn 7 1.2 0 .593

82 Br 14.55 2 .9 0

131 j 77 ,3 0.547

137 Cs 60.8 0.695

141 Ce 4 33 .4 0.0975

198 Au 7 1.2 0 .593

203 H g 90.6 0 .466

226 R a 25 1. 69

F or  the assay of radionuclides fo r  which no standard sources are avail
able, a curve o f the response o f the cham ber as a function of the 7 - energy 
may be used. Such a curve m ay be established by m easuring the cham ber 
response fo r  calibrated sou rces of different y -en erg ies  (e .g . from  Table I). 
To use such a curve the decay schem es have to be known p rec ise ly . How
ev er , it is  p re fe rre d , w henever p oss ib le , to determ ine the cham ber r e s 
ponse (or the current equivalent o f the lon g-lived  standard source) for  each 
radionuclide separately by means of a calibrated source of the same nuclide.

Nal scin tillation  counting. Scintillation  counting, using Nal (Tl) crysta ls  is 
the m ost im portant method fo r  the assay o f low -a ctiv ity  y - sou rces . Con
venient counting rates may be obtained for sources up to several m illicuries 
by increasing the distance between source and crystal.
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1

__ J
FIG .2 . Nal gam m a-spectrom eter apparatus [5 ]

Figure 2 shows an assem bly used in the IAEA laboratory, which is con
nected to a sim ple counter and also to a multichannel analyser. The sample 
is  in the form  of either a dried deposit on a thin polythene disc or 1-2 ml of 
solution in a standard plastic tube. Figure 3 gives the measured photopeak- 
e ffic ien cy  (see Heath [8] ) as a function o f the 7 -en erg y  fo r  a distance 
o f 30 mm between source and detector surface. This e fficiency  is roughly 
in verse ly  proportional to the square o f the d istance. T oo sm all distances 
should be avoided because the reproducibility of the source position is then 
the p re c is io n  lim iting fa ctor . A detailed descrip tion  o f all prob lem s con 
cerning accurate 7 -m easurem ents, using Nal crystals is given by Heath [8] .

Relatively large dim ensions o f the lead shield are often chosen in order 
to reduce the backscatter peak in the pulse height spectrum. If the assembly 
is  used only fo r  assay, a sm all lead castle w ill be sufficient. F or  a m axi
mum distance between sou rce  and detector (Nal 3 in X 3 in) o f 40 cm , 
7 -s o u r c e s  from  0.1 to sev era l tens o f n Ci m ay be m easured . These are 
easily  obtained from  the m other solution by aliquoting, i f  necessary , after 
dilution.

Since the pulse height spectra  of a Nal counter are rather extended, in 
the case o f the m ost sim ple counting apparatus the stability of the pulse 
height discrim ination threshold may becom e a problem  if  the d iscrim inator 
leve l is set so that a substantial part of the pulses is re jected . The d is cr i
mination threshold may be safely set anywhere in the spectrum only if a pulse 
height stabilizing system * is used.

Stability problem s may be avoided if  am plification and high tension are 
chosen so  that m ost o f the pulses saturate the am plifier, and the threshold 
is set much low er, e .g . 5% of the saturation pulse height. Then the counting

*  Commercially available from many manufacturers o f  nuclear electronics.
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F IG .3 . Photopeak e ffic ien cy  for Nal (3  in X 3 inj distance 30 cm ) [5 ]

rate becom es nearly  independent o f changes in am plification , high tension 
and threshold. But in this ca se , the am plifier m ust be an ti-overload , and 
fo r  high counting rates large dead-tim e corrections must be applied. Under 
these conditions the Nal counter may be used in the same manner as the ioni
zation chamber.

The advantage o f the Nal counting techniques over the ionization chamber 
techniques is that the form er offers the greater sensitivity and the possibility 
of radioactive purity controls. However, there are also disadvantages. Some 
pulses due to e lectron ic a n d /or  true coincidences have to be corrected  fo r . 
F urther, dead -tim e co rre c t io n s  m ust be applied to the Nal counting rate 
and the m easurem ent o f activities higher than severa l hundred m icrocu ries  
becom es inconvenient. Should a secondary long-lived  standard fo r  the ca li
bration  o f a given sh ort-liv ed  radionuclide, R , be d esired  it m ay be p re 
pared by the follow ing p roced u re . A ca librated  sou rce  o f R is  m easured 
in various p osition s. The secon d ary  standard, which should em it 7 - rays 
in about the sam e energy range as R (e .g . 133 Ba, 13,7 C s, and 60Co r e 
sp ectiv e ly , fo r  low -, m edium - and h igh -en ergy  7 - r a y s )  is  m easu red  in a 
s im ilar manner. Its equivalent activity, AE, which gives the same counting 
rate as A R m illicu ries  of the radionuclide R, is determined for the different
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positions. A e is then largely  independent of possible changes in the experi
mental conditions and may be used fo r  future assays of R -sou rces.

A Nal w e ll-c r y s ta l arrangem ent is  a lso  often  used fo r  the assays o f 
7 - em itters [9] . The reproducib ility  is very  satisfactory  and the high e ffi
c ien cy , which m ay approach 100%, is  desirab le  fo r  low -a ctiv ity  so u rce s . 
How ever, this high e ffic ien cy  is som etim es a drawback fo r  determ ining 
la rg e r  activ ities.

Pure )3-em itters

Since |3-em itters are a ll su b ject to strong se lf -a b so rp tio n  w hich, in 
p ra ctice , cannot be avoided, it is  even m ore  advantageous to assay  them 
in the liquid form  than it is for 7 -em itters . Thus it is much easier to obtain 
reproducible conditions with respect to self-absorption  from  liquid samples 
than from  solid  ones.

Except fo r  low -lev e l m easurem ents, the use o f solid  sources and end- 
window G eiger counters should be discontinued. Com bined 3̂-7  ionization 
cham bers [3, 10] , specia l (3-cham bers, or proportional counters are much 
m ore re liab le .

Ionization ch am bers. The diagram  o f a com bined fi-y  ionization cham ber 
[3] is  given in F ig. 4. In such a cham ber 1 m l o f the solution to be assayed

PERSPEX JIG

FIG .4 . Com bined beta-gam m a ionization cham ber [3 ]

is placed in a Polythene planchet. The sensitivities for a number of nuclides 
are given in Table II. F or  /3-maximum energies low er than ~ 4 0 0  keV the 
sensitivity  becom es very  sm all because o f the /3-absorption by the window 
and the air; forexam ple , fo r  sulphur-35 it is approximately 3 X 10' 12 A /m C i ml.

It should be noted that, fo r  routine assay, counting methods should be 
avoided which have a low sensitivity fo r  the nuclide to be determined and a
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TABLE II

RESPONSE O F A  COM BINED 4jry-|3-IONIZATION C H A M B E R * 
F O R  SOME 3 -S P E C T R A  [3]

Radionuclide Sensitivity 
(A /m C i m l)

82 p 2 .6 8  X 1 0 -10

42 K 4 .3 3

82 Bt 1 .03

131 j 0 .7 3

Au 1. 37

*  Fig. 4.

large sensitivity fo r  a possible im purity. F or example, an impurity of only
0.2% 32P in a 35S solution would, in a cham ber o f the type shown in F ig . 4, 
give a 35S activity value 20% too high. To be assured that such false results 
are not obtained, it is best to use detection techniques in which the counting 
efficiency of the nuclide to be assayed is at least of the same order of magni
tude as that for possible contaminations.

Special ionization cham bers fo r  /3-em itters may be p re ferred  because 
o f their low er background current [4] . A grid  m ay be used in place of the 
th in -fo il window [Fig. 5] if  the cham ber works under norm al a ir  p ressu re . 
To avoid evaporation during lengthy m easurements, the cup may be protected 
by a thin fo il cover, such as aluminized M ylar which is com m ercially  avail
able in th icknesses o f ~  1 m g /c m 2 , o r  other p lastic  film s which one can 
make in the labora tory  with le s s  than 30 jug /cm 2 . Since the cham ber 
response varies  with the a ir p ressu re , solid standard sources may be used 
to determ ine correction  factors.

COLLECTOR

F IG .5. Beta ionization  cham ber [5 ]
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G eiger counting o f liquid sa m p les . Solutions with sp e c ific  activities of up 
to ~  20 nCi/cm 3 may be conveniently counted in an all-glass Veall-typeliquid 
counter in which the solution counted is  contained in an annular space su r
rounding the-G eiger tube [.16] . Unfortunately, these counters operate in the 
G eiger region and rarely  keep for longer than one year.

P rec ise  determination of the efficiency o f many radionuclides is , there
fo re , only worthwhile if  such counters are used frequently. Table III gives 
typical values o f the e ffic ien cies  fo r  som e radionuclides.

TABLE m

j3-EFFICIENCY OF A CYLINDRICAL GLASS-W ALLED  
GM LIQUID COUNTER

Radionuclide
6 m aximum  

energies 
(M eV)

Liquid counter 
e ffic ien cy

m

42 K 3. 84 16.0

1 .92

90 Sr (+ 90 Y ) 2 .1 8 1 3 .8

0 .5 3

32 p 1 .70 10.1

86 Rb 1 .80 7 .9

0. 72

- - MNa 1. 39 7 .8

210Bi 1 .17 2 .8

198AU 0 .9 6 2 .8

204 "fl 0 .765 1 .4 6

131J 0. 608 0 .7 7

Another type of G eiger counter, useful when large solution volumes are 
available, is a th in -g lass-w alled  variety which may be dipped directly  into 
the solution to be assayed. This type is easier to clean and may have som e
what higher efficiency.

P roportional counting o f liquid sam p les . When using a windowless 2ir p ro
portional flow  counter with aqueous solutions, the counting characteristics 
may be im paired by water vapour. This difficulty can be avoided by diluting 
the radioactive solution 1 : 9 or less with form amide [2] .

In another proportional counter the ^ -em itting solutions are placed in 
a tube w hose bottom  con s is ts  o f a thin p lastic film  such as the 1 m g /c m 2
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aluminized M ylar. This M ylar fo il is at the same time the cover of a hemi
sp h erica l counter. F o r  such an arrangem ent the rep rod u cib ility  is  better 
than± 0.5% [12] . The efficiencies of such a counter for some 3-em itters are 
given in Table IV.

TABLE IV

0 - EFFICIENCIES OF A  PROPORTIONAL COUNTER FOR PRECISE 
RELATIVE CALIBRATION OF 0-E M ITTIN G  SOLUTIONS [12]

N uclide
V olum e o f  

solution 
(m l)

S pec ific  activity 
giving 100 cps 

(n C i/ ml)fc

E fficiency
m

sss 2 .0 # * 670 .0 0 .2

204X1 2 .0 4 3 .0 3 .2

32p 3 .5 9 .8 7 .9

90Sr (+ 90y) 5 .0 6 .2 8 .7

*  Background 1.5 cps.-.
# #  M inim um  quantity necessary for safely covering the window.

Liquid scintillation  counting. While liquid scintillation  counting may be the 
sim p lest method of assay fo r  very  low -en ergy  ^ -em itters , such as 3H and 
63Ni, it a lso has the great advantage o f being able to count sam ples of re la 
tively large m asses with high efficien cy  [13] .

Some details on this technique are given in Section 2. F or  the routine 
assay solutions with a low er c a r r ie r  content other methods are m ore 
convenient.

A ssay o f a -em itters

The range o f a -p a rtic les  is shorter than that of m ost /3-particles. How
e v e r , the absorp tion  c o r re c t io n s  are not as la rg e  as one m ay exp ect fo r  
solid  sources if  the sources are prepared from  solutions of low ca rr ier  con
centration.

As pure a--em itters play only a m inor ro le  in the production o f rad io 
nuclides, only the m ost popular m ethods o f assay are m entioned, nam ely:

27r-ionization cham ber

2tt-proportional counting [2]

ZnS scin tilla tion  counting [3]

Liquid scin tilla tion  counting [ 14] .
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A ssay  o f pure e lectron -cap tu re  nuclides

When a nucleus decays by K -capture, the K X -ra ys  are emitted with the 
probability  given by the flu orescen ce  y ie ld , uK.. O therw ise, only the low - 
energy A uger e lectron  is em itted. Since it is  very  difficu lt to count these 
electrons reproducibly, generally only the K X -ra y s  are used for  the assay. 
In addition to the flu orescen ce  y ield , the L -ca p tu re /K -ca p tu re  ratio must 
be taken into account i f  the activ ity  is  to be ca lcu lated  from  the K X -r a y  
y ie ld  [15] .

Solid angle techniques are widely used fo r  the assay o f these nuclides. 
The m ost convenient detector is a thin Nal crysta l (thickness 1-2 mm) with 
a B e-w indow  (thickness about 0.2 m m ). If the nuclide has Z  ;> 40, a Nal 
cry s ta l in a norm al aluminium can (thickness about 0.2 m m ) may a lso  be 
used. A s the se lf-a b so rp tio n  o f so lid  sou rces  m ay be ap p reciab le , it is 
recom m ended  to a ssay  the nuclide in  solution  form .

End-window G eiger counters, filled  with krypton o r  xenon to enhance 
the absorption of the X -ra y s  in the counting gas, are no longer in much use 
fo r  this purpose.

M ethods fo r  the determ ination o f  the absolute disintegration rate

In this paper, a ca libration  method is  con sid ered  to-be "ab so lu te" if 
no other standard radioactive sou rce , whose activity was determ ined e lse 
where o r  by som e other method, is needed.

E arlier methods were based mainly on the measurement of the radiation 
emitted from  a point source into a w ell-defined but sm all, solid  angle. In
creasing this angle to 2ir o r  4v fo r  a and /3-em itters has now eliminated nu
m erou s so u rce s  o f e r r o r .  Sm all so lid  angles should be used only in e x 
ceptional ca se s .

Surveys of calibration  m ethods have been published by Gandy [16] and 
A llen  [17] . The latter cov ers  publications till 1963.

The 4 it proportional counter

The 4tt-counter is  now the m ost im portant detector fo r  the calibration 
o f /3-emitting radionuclides [18-20] . The com m on type is the "p illbox" 
counter. F o r  such counters the sou rce  con sists of an aliquot of the radio
active solution deposited on a very  thin film  which is  then dried . The film  
is  placed over an annular source holder, which represents part o f the wall 
between two "p illb oxes" form ing the two 2ir counters with parallel wire 
anodes. The counting gas, preferably methane, stream s through both coun
ters . The counters are connected in parallel and operate in the proportional 
region. A lso used are the "loop -typ e", where the anode wires have the form 
of a loop  [19] . These counters may have a somewhat better ch aracteristic 
than the "p illbox" type, but because of their relatively large height, for4?rf3- 
7 - coincidence counting the flat "p illboxes" are preferred.

A low -n o ise  am plifier (about 200 /uV rm s at the input) with very  good 
overload characteristics is essential. Good statistical accuracy is achieved 
in reasonable tim e by using high counting rates (up to 104 cps). H owever,
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it is  n ecessa ry  to use a sp ecia l e lectron ic  device  which generates a w ell- 
defined dead-tim e. A counter of this type should be able to reg ister every 
ionizing particle em erging from  the sou rce . To reduce self-absorption  the 
sou rces  m ust be exceed in g ly  thin. G enerally  sev era l d rop s , each  about 
12 mg, of the source solution, which must have a low ca rr ie r  concentration 
only, are p laced  on a p lastic film  (~  10 /ng /cm 2 ) which is  covered  with a 
layer o f evaporated gold (thickness ~  12 ng/cm 2). The gold layer ensures 
that static charges do not build up on the sou rce . N evertheless, even fo r  
such thin so u rce s , the se lf-a b sorp tion  lo s s e s  are o f the ord er  o f 0 .2% for  
32p, 2% fo r  90Sr + 9<>Y, 4% fo r  204T1 and 6% fo r  35s. T h e re fo re , the 4tt- 
counter alone can only be used for the calibration  o f |3-emitters with m axi
mum en erg ies  above 1 M eV , i f  a ccu ra cies  o f + 1% o r  better are d esired , 
and even then elaborate techniques have to be used fo r  the film  and source 
preparations [2 1 , 22] .

47T/3-Y coincidence counting

If two counters, each sensitive fo r  one kind o f radiation only (usually 
one counter for  0, a or  X -ra y s , the other for 7 -rays) are used, and the single 
counting rates, as well as the coincidences, are reg istered , then the 'abso
lute d isintegration  rate o f the sou rce  can be determ ined d irectly  fo r  many 
nuclides; from  these data the counter e ffic ien cies  may also be calculated. 
G enerally , it is  preferab le  to have the e ffic ien cy  o f one counter as nearly 
to 100% as possib le ; fo r  a and ^ -em itters , the 4?r proportional counter is , 
therefore, m ost suitable. The 7 -ra y s  are detected by one or two Nal crystals 
[23 ],

)3-7  o r g -7  ca sca d e s . If the nuclide em its only one 0 and one 7  in cascade, 
the straightforward coincidence method may be used. If there are several 
cascades, small correction  factors may be necessary [23] . The 7 -efficiency 
o f the 4n-counter may also have to be taken into account [24] .

Extrapolation method fo r  com plicated decay schem es. F or com plex decay 
schem es, especia lly  i f  there is  a /3-em ission leading directly  to the ground 
state, a m ore  com plica ted  m ethod is  needed. The se lf-a b sorp tion  o f the 
sou rce  is  varied  by adding c a r r ie r  o r  sandwiching the source between ab
sorbing film s [25] , and the j3-counting rate is then plotted as a function of 
the ratio  o f  the co in cid en ces  to the 7 -cou n ts , i . e .  the "m ean" e ff ic ie n cy  
o f the 47T-counter fo r  the ^ -sp ectra  associated  with the counted 7 -ra y s . 
L inear extrapolation of the 0 -e ffic ien cy  to 100% then gives the counting rate 
fo r  zero  se lf-absorp tion , i . e .  the disintegration rate [25-27] .

Pure 0 -em itters . F or these nuclides the "e ffic ien cy  tracing techniques" [26] 
can be applied. The /3-em itter, B , is  mixed with a convenient 0 -7  em itter 
as tra cer  whose activity is known from  an ea rlie r  calibration (e .g . 6OC0) or 
can be determ ined by the d isintegration  curve (e .g .  82B r). The s e lf 
absorption  is varied  by additional c a r r ie r  o r  fo i ls . If the se lf-absorp tion  
of-the 0 -sp e c tra  of tra cer  and B can be assum ed to be proportional, the 0- 
e ffic ien cy  o f the tra ce r  (ratio o f coin ciden ces to 7 -cou n ts) can be used as

85



a param eter to extrapolate the 0 - counting rate of B linearly to 100% 
j3-efficiency [25, 26, 28] .

The two foregoing  m ethods, extrapolation  and e ffic ien cy  tracing, are 
cu m bersom e, but at present they are the only ones which make it possib le 
to evaluate re liab ly  the se lf-absorp tion  o f solid  sou rces .

7 - 7  coincidence counting. This method is , in principle, the most convenient 
i f  there are two 7 - rays which are em itted in ca sca d e . In con trast to the 
0 - 7  co in ciden ce  m ethod the e ffic ie n c ie s  o f one counter fo r  both y -ra y s  is  
o f the sam e o rd er  o f magnitude, which causes considerable com plications; 
sum  peaks m ust be avoided a lso . If the e ffic ien cies  are made very  sm all, 
and about equal, these d ifficu lties can be overcom e [29-32] . Unfortunately, 
com plicated fast-s low  coincidence electron ics are necessary , and the coin 
c id en ce  counting rate is  v e ry  low . C onsequently , this m ethod is  m ainly 
useful fo r  o cca sion a lly  checking the resu lts obtained by j3—y o r  X -7  
co in ciden ces .

A bsolu te 7 - counting by N a l-c ry s ta ls . F o r  a num ber o f  d ifferen t c ry s ta l 
s izes  and geom etries, absolute values for the total and photopeak efficiencies 
have been calculated [8, 33-35] . A cy lindrica l Nal crystal, 3 in. diam. and 
3 in. height, is the standard detector fo r  this type of m easurements [8] ; the 
s o u r c e -to -d e te c to r  d istances m ost com m only  chosen  are betw een 10 and 
30 cm . In the Compton region  o f the spectrum , the contribution of 7 - rays 
scattered from  the source holder, walls of the lead shield, etc. may be signi
ficant. V ery light source mounts and large shields (up to 100 cm side length 
o f a cube) are, th erefore , often used. When the fraction  of 7 -ra y s  per d is
integration  is  known and the published values fo r  the e ffic ie n cy  used , the 
activity of the source can be determined very easily; the accuracy is between 
±  3 and + 5%.

H ow ever, i f  a better a ccu ra cy  is  d es ired , the set-u p  should be c a li 
brated by m eans o f standard so u rce s .

A bsolute liquid scin tillation  counting o f j3 -em itters . In liquid scintillation  
counting there is  no se lf-a b sorp tion  in the norm al sense o f the w ord , and 
this method m ay be used fo r  the ca libration  o f 0-  and a -e m itte rs .

The aliquot o f the aqueous solution to be ca librated  is  at fir s t  diluted 
with alcohol and then added to the scintillating solution. Small aliquots may 
also be diluted d irectly  in the scintillator [36] .

It is  a lso  p oss ib le  to p lace a filte r  paper soaked with the scin tilla tor 
in a translucent box o r  d ire ct ly  on the photocathode [37] . The e ffects  o f 
rela tively  large amounts o f c a r r ie r  m ay be reduced, i f  som e 10 mg o f the 
rad ioactive solution  are put on the fi lte r  paper, w hich is  d ried , and then 
wetted with the s c in tilla tor  [5],

The detection  threshold , which cannot be set low er than sev era l keV, 
is  con siderably  higher than in 4jt0 proportional counting. Since a fraction  
o f the low -energy  part o f the 0-spectrum  is , therefore, not counted, extra
polation techniques m ust be used to c o r r e c t  fo r  this [38] . F o r  0 -em itters  
with m axim um  en erg ies  above 150 keV, an a ccu ra cy  o f better than + 0.5% 
has been cla im ed [39] .
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/T he liquid scin tilla tor  can a lso  serve  as the 0 -d e te cto r  in |3-y c o in c i
dence counting [40] . As the y -e f fic ie n cy  is  higher than fo r  the 4 it p rop or
tional counter, and the corresponding correction s  difficu lt to apply, in ge
nera l, the latter is  p re ferred  fo r  coincidence calibrations.

C alibration o f a -em itters

F o r  solutions with v ery  little  c a r r ie r  4ir p roportion a l counting gives 
m ore than a 99% a -counting e ffic ien cy . This has been verified  by a -y  coin 
cidence counting. The latter method can be used i f  som e y o r  X -ra y s  are 
em itted in cascade with the a -r a y s . A p rec is ion  o f + 0.5%  can be 
expected [41] .

Sm all-solid-angle techniques have also been claim ed to give an accuracy 
o f 0.2% [42] . A pparently, the se lf-absorp tion  perpendicu lar to the source 
is  sm a ller  than fo r  47r-geom etry.

C alibration o f e lectron -cap tu re  nuclides

E .C . and y -ra y  in cascade. Coincidence techniques are the m ost convenient 
counting methods when an appreciable fraction  o f the electron-capture pro
c e s s e s  are follow ed  by y -e m is s io n . In this ca se , one d etector  should be 
sensitive fo r  X -r a y s , p referab ly  both fo r  X -ra y s  and the A uger e lectron s , 
while the other detector is sensitive only to the y -ra y s . An argon- or xenon- 
filled  proportional counter without a window can 'be used fo r  the X -ra y  and 
A uger e lectron  determ ination, while a B e-window Nal crysta l detects only 
X -r a y s . The y -e f fe c t  in the X -r a y  detector must usually be corrected  fo r  
[44], In general, the calibration o f these nuclides is not m ore difficult than 
that o f j3-y em itters.

E .C . to ground state on ly . The se lf-a b sorp tion  o f A uger e lectron s  is  so 
la rg e  that it cannot be determ ined accu ra te ly . T h e re fo re , the sou rce  is  
norm ally sandwiched between foils  o r  film s of low Z  m aterial which absorbs 
the Auger electrons com pletely but attenuates the X -rays only slightly. Com
plete o r  nearly com plete absorption o f the X -ra y s  within the counter is  ne
cessary  [43j 45 ] ;  4ir geom etry is preferred but 2jt geom etry will also do since 
scatterin g  can be con sid ered  n eglig ib le  i f  the photo e ffe ct  in the detector 
predom inates.

Figure 6 shows a hem ispherical 2ir proportional counter for the calibra
tion of medium Z  electron  capture nuclides; fo r  X -ra y  y-coihcidence count
ing the Nal crysta l can be much n earer to the source than in the case of 4ir 
geom etry [46] . Small solid angle geom etry is not recomm ended for use with 
gas proportional counters. A thin Nal crysta l as X -r a y  detector does not 
need a vacuum system , but should, because o f the difficulty o f defining the 
solid  angle, only be used fo r  higher Z  nuclides where the absorption in the 
counting gas is  too sm all.

F o r  nuclides with Z  30 the se lf-a b sorp tion  o f the X -r a y s  within the 
sm all crysta ls  constituting the source may necessitate intricate techniques. 
It is  n e ce ssa ry  to extrapolate to z e ro  se lf-a b sorp tion  and the ratio  o f the 
detected X -ra y s  to the sum o f the detected X -ra y s  and Auger electrons for
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FIG. 6 . Proportional gas counter for the calibration o f  electron capture radionuclides [5 ]

the bare source may serve as param eter [45], Support film  absorption and 
incom plete X -r a y  absorption  in the counter have a lso  to be co rre cte d  fo r . 
A ccu racies  o f ±  2% have been claim ed [5,45] . When only the K X -ra y s  are 
detected, the fluorescence yield  and the K /L  capture ratio have to be known 
accurately.

Som e details on sam ple preparations  
C arrier  solution

If aliquoting is used fo r  the preparation of liquid sam ples, the chem ical 
com position  o f the solution must be appropriate to avoid any separation e f
fe cts , e .g .  adsorption on the walls o r  precipitation. The minimum ca rrier  
content is  generally  o f the o rd er  o f 10 /ug per m l o f solution. F or cations, 
in general, le ss  ca rr ie r  is needed if  the acid concentration is made higher. 
It has been shown that 2 /ug/m l Cs o r  Co are su fficient i f  the solution 
is  0.1 N HC1 [5] . N early neutral solutions seem  to be unreliable.

D etails on re liab le  c a r r ie r  solutions have been given in the literature 
[ 17,47] .

P re c is e  diluting
D ilutions by volum e are ra re ly  m ore  p re c ise  than 1 o r  2%; how ever, 

i f  the m ass is  taken as the c r ite r io n , a ccu ra c ie s  o f better than 0. 1% can
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be obtained. The s p e c if ic  activ ity  o f a solution  is , th ere fo re , gen era lly  
given in units of C i/g . This also eliminates differences caused by variations 
o f the density. Large dilution fa ctors  are possib le  i f  the m ass taken from  
the stock  solution is  determ ined separately by weighing. A sim ple pipette 
may be fabricated from  a glass tube by drawing one end to a capillary. Some 
o f the solution  to be assayed can be sucked into the cap illa ry  by m eans of 
a rubber bulb (F ig. 7).

FIG .7 . Pipette for accurate dispensing o f  solutions [5 ]

Treating the capillary  with silicone prevents drops from  clinging to the 
outside. This pipette is  weighed on a se m i-m icro  or m icro-ba lan ce  before 
and a fter dropping som e liquid into the diluent. If the weight o f the latter 
is large, it can be determined easily  on a sim ple balance [5] . For accurate 
results one must prevent appreciable evaporation of the solvent.

Preparation of sources

Polythene tubes with a lid , o r  s c re w -to p  b ottles , are  v e ry  p ra ctica l 
and inexpensive con tainers fo r  liquid sam ples to be assayed  by y - r a y  de
tection , although there is  som e evaporation  through the w alls .

F o r  47rj3 counting the w eighed m ass o f liqu id  m ust be deposited  on a 
very  thin film . Since sufficiently thin film s are not com m ercially  available, 
the requ ired  film s (~  25 /Jg/cm 2 ) must be prepared in the laboratory  [22] . 
The follow ing procedure for  source preparation gives good results fo r  most 
nuclides:

Several drops (each ~  12 m g) are deposited on the film  from  a pipette. 
The exact amount of m ateria l deposited is  determ ined by the d ifference in 
the weight of the pipette before and after. The drops are dried on the film . 
The cry sta llin e  residue is  then r e -d is s o lv e d  with two drops o f a solution  
con sistin g  o f LUDOX [22] diluted 1 : 104 and TE E PO L diluted 1 : 105 with 
w ater. The sou rce  is  then given  a final drying.

F o r  som e nuclides sp ec ia l treatm ent is  n ecessa ry , fo r  exam ple,

Io d in e -131: Addition o f AgNC>3 solution  to the deposit 
(prevents evaporation  o f the iodine)
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C ob a lt-60: P recip ita tion  with NH3 by exposing to NH3 gas o r  by the
addition o f NH4OH (reduces se lf-a b sorp tion )

M e rcu ry -203: P recip ita tion  as HgS; H2S as gas o r  aqueous solution 
(prevents evaporation o f Hg).

The erro rs  of different weighing techniques in preparing these sources have 
been thoroughly investigated [48],

TABLE V

METHODS RECOM M EN D ED FO R  THE C A LIB R A TIO N  OF SOME
RADIONUCLIDES

Radionuclide
Relative Absolute calibration

47T0 -e ffic ie n cy
calibration

Method
Precision

(%)

(7°)

is F y .  ( 6 ) 4ttS ~y

y - y

± 3 95.0

24 Na y ,  6 4nB  , 47T0 -y

r  - y

± 1 99 .5

28 Mg y. (8) 4nB -  y k i  3

32 p 8 4 tt0 ± 1 99 .8

* s 8 a 47t8 -y  (tracer) D ± 2 94.0

42 K y , 0 4ir0 , 4tr8 -y  k ± 1 99.0

■ 51 Cr y X -y ± 2 -

58 Co y. (8) y -com p . ± 3

59 Fe y. (8) 4tt8 -7  k ± 1 95.0

65 Zn y X -y ± 2 -

82 Br y,  ( 0 ) 4 tt8 -7 ± 1 96.0

90 y 0 4 tt8 ± 1 99.5

131 j y. (&b 4rr0-y ± 1 96.0

198 Au y. (0) 4jrfi- y ± 1 98.0

a See first main sub-section o f  the text, 
b See second main sub-section o f  the text.
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Methods for the calibration of special radionuclides

Table V gives recom m endations fo r  the m ethods m ost appropriate fo r  
the calibration  o f som e radionuclides.

Relative calibration

A s em phasized in Chapter 1, 7 -a ssa y  is  to be used whenever possib le . 
If a "j3" is also given in column 2 o f Table V , 3 -counting gives good results. 
If (0) is given, 7 -detection should be preferred .

Absolute calibration

In column 3 of Table V the following abbreviations are used:

4jt)3 = 47T/3 proportional counter

4?rf3-7 = J3-7  coincidence method using a 4tt/3-counter and a Nal crysta l

X - 7  = coincidence m ethod, detecting the K X -ra y s  and the 7 - rays s e 
parately

C ob a lt-58 can be calibrated using an interpolated value fo r  the 7 - efficiency  
(805 keV) of a N al-spectrom eter [49] .

The "p re c is io n "  in colum n 4 o f Table V means the agreem ent which is 
to be expected  betw een the resu lts  m easu red  by d ifferen t sp ec ia lized  la - , 
b o ra to r ie s  (standard deviation ).

The last column gives the efficiencies of the 4jt/3-counter (average values) 
fo r  carefully prepared sources.
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7. RADIOLOGICAL PROTECTION

Harm ful e ffects  may follow  the exposure of the human body to ionizing 
radiation. These harmful effects may be either of a somatic type and become 
m anifest at an early  o r  late stage in the exposed individual, or  of a genetic 
type and becom e manifest only in his descendants. It is therefore necessary
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to take stringent precautions to prevent undue exposure to radiation of those 
persons who are engaged in work with radioactive substances. More detailed 
inform ation on the precautions which are outlined in this section is available 
in the Agency publications listed in the R eferences.

Types o f exposure

The organs and tissu es  o f the body d iffe r  both in their sen sitiv ity  to 
ion izing radiation and in their im portance fo r  the m aintenance of bodily 
health. Those organs which are most sensitive in particular circum stances 
o f irrad ia tion  and which are a lso  m ost n e ce ssa ry  fo r  the m aintenance of 
w ell-being are re ferred  to as the cr it ica l organs for that mode of irradiation.

Two clearly  distinguished types of exposure can occur. First, exposure 
of the whole body, or lim ited parts of it, to the radiation emitted by sources 
which rem ain outside the body; this type is  re ferred  to as exposure to ex 
ternal radiation. Second, exposure o f organs and tissues to the radiation 
em itted by rad ioactive  substances which enter the body by inhalation, by 
ingestion, o r  by absorption through broken or intact skin; this type is  r e 
ferred  to as ‘ 'exposure to internal radiation". When a radionuclide has en
tered  the body it takes part in the m etabolic p r o ce s s e s  and the extent o f 
any accumulation in the cr it ica l organs depends on its chem ical identity and 
form , its solubility and the route by which it entered the body.

Maximum p erm iss ib le  d oses

C arefu l experim en ta l w ork  on anim als and the study o f accum ulated 
experience on the effects of radiation on the human body have made it possible 
to form ulate a set o f p erm iss ib le  dose-equ iva lents, expressed  in rem s, 
which are app licable  to a ll types o f ion izing  radiation . The p erm iss ib le  
values are related to exposure o f the whole body o r  lim ited parts o f it, or  
to exposure o f the various c r it ica l organs within the body.

The International C om m ission  on R adio log ica l P rotection  (ICRP) has 
issued recom m endations on m axim um  p erm issib le  dose-equivalents which 
are now w idely accepted  throughout the w orld  [ l j .  The C om m ission  has 
been carefu l to point out that the recom m ended values are maximum values 
and has also recom m ended that a ll radiation doses should be kept at as low 
a value as practicable and that a ll unnecessary exposure to radiation should 
be avoided.

The maximum perm issib le dose-equivalents listed in the Agency's Basic 
Safety Standards fo r  Radiation Protection [9J are based on the recom m enda
tions of the ICRP.

On the basis  o f plausible assum ptions regarding the intake of a ir  and 
w ater during the period  o f exposure it is  feasib le  to derive maximum p e r 
m iss ib le  concentrations of sp ec ific  radionuclides in a ir  inhaled and water 
consum ed which correspond  to the maximum perm issib le  dose-equivalents 
to the whole body and to the cr it ica l organs [2], Such maximum perm issible 
concentrations are listed in Part II for the selected radionuclides.
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Methods o f controlling exposure to radiation from  
sea led  and unsealed sou rces

(a) Sealed and unsealed sources

Radioactive substances may be handled in the form  of sealed or unsealed 
so u rce s . In a sealed  sou rce  the substance is  en closed  in a h erm etica lly - 
sealed container or is  bonded in a m aterial in such a way that it w ill not be 
dispersed in norm al use. A ll other form s of radioactive substance constitute 
unsealed sources. A sealed source, as long as it remains sealed, can act as 
a source of external radiation only; an unsealed source can act as a source 
of both external and internal radiation.

(b) The handling of sealed sources [3 - 6j

Exposure to external radiation can be m inim ized by:
(i) Lim iting the time spent near the source to the minimum n ecessary  for 

efficient perform ance of the work;
(ii) K eeping the body, including the hands, as fa r  from  the sou rce  as is  

com patib le  with rapid and safe w ork ;
(iii) Interposing between the source and the body shielding m aterial of su ffi

c ien t th ickness to reduce the le v e l o f the transm itted radiation to an 
acceptable  value.

T hese three m ethods are  gen era lly  used in com bination .
Distance provides an inexpensive means of reducing the radiation level, 

but its use is  lim ited. F or  a gam m a-ray source of sm all dim ensions the ex
posure rate d ecreases with distance approxim ately according to the inverse 
square law. Increasing  the distance between the hands and the sou rce  by 
a factor of ten, for example from  one centim etre to ten centim etres, reduces 
the exposure rate at the hands by a factor o f one hundred. F or a beta-ray 
source the level of the radiation also decreases rapidly with distance, though 
the relationship between the two is  com plicated by the scattering and absorption 
o f the radiation in the a ir. The radiation level in the immediate neighbour
hood of a beta- or gam m a-ray-em itting source of com paratively low activity 
may be sufficiently high to deliver a large dose in a very short time. Radio
active substances should therefore never be manipulated with the bare hands; 
som e fo rm  o f p rotection  is  alw ays n ecessa ry . F o rce p s  which keep the 
fin g ers  at a d istance o f ten to fifteen  cen tim etres  should be used fo r  the 
sm all sou rces. Tongs which keep the hands at a distance of about one metre 
may be used for the larger sources.

When rem ote  handling alone is  not su fficien t to reduce the radiation 
lev e l to an accep tab le  value, shielding must be provided.

Beta particles lose their energy within a short distance and have a finite 
range, even in m a ter ia ls  o f low  density . A la y er  o f transparent p lastic
6 m m  thick w ill absorb  e ffective ly  a ll beta partic les  of in itial energy less  
than 1 MeV, and a layer 2. 5 cm  thick w ill absorb all those of initial energy 
less  than 4 MeV. Such plastic m aterials, usually in the form  of transparent 
sheets, are used to p rov ide c lo s e  shielding around h igh -activ ity  beta -ra y  
sou rces , o r  in the form  o f b a rr ie rs  behind which the handling procedu res 
are p er fo rm ed . M ateria ls o f high atom ic num ber should not be used as
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p rim ary  shielding fo r  beta radiation  as a con sid erab le  fraction  o f the ab 
sorbed  beta ray energy may then be converted into continuous X -radiation , 
re fe rred  to as brem sstrahlung.

Gamma radiation is  much m ore penetrating. The most com m only used 
shielding m ateria ls are lead, stee l and con crete . The thickness of any of 
these m ateria ls which w ill provide the required attenuation fo r  gamma r a 
diation of specified  energy may be obtained from  published Tables [6], For 
shielding purposes the th icknesses used should be those applicable to attenua
tion under broad beam  conditions. Convenient ca lcu la tors  fo r  estim ating 
the th ickness o f shielding n e ce ssa ry  to reduce the radiation  lev e ls  to the 
d esired  values are  obtainable c o m m e r c ia lly !.

G am m a-ray shields should be placed as close  to the source as circu m 
stances perm it. The th ickness o f the shield is  not le s s  when it is  in that 
position , but its  su rface  area  and hence its weight and cost are less 'th an  
if  it w ere placed at a g rea ter  distance.

Radiation em erges from  a sou rce  in all d irections and sufficient shielding 
must th ere fore  alw ays be provided  below  as w ell as at the sides of the sou rce . 
When the direct radiation strikes neighbouring objects a fraction of it is scattered 
in all d ire ct io n s . If the activity  of the sou rce  is  high, the lev e l of the radiation 
scattered  fro m  oveirhanging stru ctu res and from th e  a ir  may be unacceptable 
and it w ill then be n ecessa ry  to provide top shielding.

When shielding is  required it may also be n ecessary  to provide rem ote 
handling d ev ices  which can be operated  through the sh ield  and p rov is ion  
must be made for viewing the work perform ed without impairing the shielding.

(c) The handling of unsealed sources [ 4 - 6 ]

In the handling of unsealed sou rces the methods previously outlined for 
con trolling  the exposure to external radiation are com bined with those 
n ecessa ry  fo r  con trolling  exposure to internal radiation.

Exposure to internal radiation can be m inim ized by providing adequate 
containm ent fo r  the sou rce  and any n ecessa ry  protective dev ices  fo r  p re 
venting the intake or transfer to the skin of d ispersed  contamination. Con
tainment re fers  to the m easures taken to prevent the spread of contamination 
to the a ir , to m ateria ls with which it may be ingested, and to the skin o r  
to su rfaces  from  where it may be tra n sferred  to the skin.

R adionuclides have been graded in order of their relative radiotoxicity 
and class ified  in four categories corresponding to very high, high, moderate 
and slight rela tive  rad iotox ic ity  [5, 13J. The design  o f the w orking p lace 
and the nature o f containment and protective m easures required depend on 
the ra d io tox ic ity  c la ss ifica tio n  and on the a ctiv ities  o f  the rad ion u clides 
w hich are to be handled [5],

A ll manipulations o f active liquids should be perform ed within a double 
container or over a d rip -tray  lined with absorbent paper in order to confine 
any sp ills . Rubber g loves and appropriate protective clothing, such as 
laboratory  coats, overa lls , aprons, e t c . ,  should always be worn when 
w orking with unsealed so u rce s . O versh oes should be worn if  it is  likely

1 Isotope Handling Calculator (Mk III), Radiochemical Centre, Amersham, United Kingdom.
\

95



that the flo o r  m ay becom e contam inated. G reat ca re  should be taken to 
prevent the tra n sfer  o f contam ination to the mouth, and m outh -operated  
pipettes should never be used in w ork with radioactive m ateria ls. Eating, 
drinking, smoking and the application of cosm etics should also be prohibited 
and self-adhesive labels only should be used in areas in which such materials 
are handled. B efore  it is  cleaned, and if  n e ce ssa ry  decontam inated, a ll 
equipment and glassw are used with unsealed sources should be laid in trays 
lined with absorbent m aterial. Such equipment should be kept in the active 
working area and should not be used fo r  other work.

If it is  reasonable to suppose that the operations could lead to a spread 
o f contamination to the atm osphere they should be perform ed within a fume 
hood or within an enclosed box and a ventilation system  should be provided which 
will ensure in all circum stances a movement of air from  the inactive towards 
the m ore  active a reas p r io r  to d isch arge  from  the building, if  n ecessa ry  
through filters . Detailed inform ation on these topics is provided in Section 2 
of this manual.

C learly  labelled  re ce p ta c le s  fo r  the co lle ction  o f rad ioactive  w astes 
should be kept in a ll working areas where such w astes may originate. 
Arrangem ents must be made for the periodic rem oval of active wastes from  
the working areas and fo r  their storage and eventual d isposal in conform ity 
with the applicable regulations [10],

F o r  w ork  in a reas  in which it is  im p ossib le  to keep the lev e l o f co n 
tamination of the air below the acceptable values, for example for maintenance 
and repairs within the enclosures, individual protective equipment, including 
resp irators fitted with filters, or  enclosed breathing sets supplied with clean 
air, should be provided and used.

If the lev e l of external radiation is  su fficien tly  high, it is  n ecessa ry  
to provide shielding and remote handling devices in addition to the appropriate 
containment and fo r  very  active sou rces  a fu lly -sh ielded  enclosure may be 
n e ce ssa ry . A c c e s s  to such an en closu re  fo r  m aintenance and rep a irs  is  
perm itted  only fo r  p erson s w earing fu ll p rotective  clothing.

If the lev e l of external radiation is  not su fficiently high to warrant the 
use of a fully shielded enclosure, the unsealed sources may be handled within 
a fume hood or dry box provided with the appropriate shielding.

Physical and m edical surveillance

(a) Physical surveillance

A rea  m onitoring and personnel m onitoring techniques are used for 
checking the e ffectiven ess o f the m easures adopted fo r  controlling the ex 
posure to external and internal radiation.

A rea  m onitoring com p rises  the system atic m easurem ent o f radiation 
le v e ls  and, i f  appropriate, o f a ir  and su rface  contam ination lev e ls  in the 
working areas and in neighbouring areas. The results of such measurements 
provide a check on the effectiveness of the shielding and containment of the 
sou rces.

Personnel m onitoring com prises the measurement of the total radiation 
reaching the surface of the body in a known time and the assessm ent of body
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burden, that is to say, the quantity of radioactive material actually present 
within the. body [8, 12 J.

A ppropriate instrum ents should be available fo r  m onitoring external 
radiation and contamination under norm al working and em ergency conditions. 
Such instrum ents may include fixed types, providing a continuous indication 
o f radiation or contamination levels , installed at selected  points within the 
laboratory, and portable types suitable for the detailed surveying of external 
radiation fie lds and possib ly  contaminated areas. A reas in which radiation 
sou rces  are stored  o r  used, and neighbouring areas, should be m onitored 
at regular intervals. A ll working places and equipment which may have been 
contam inated should be m onitored when the w ork  has been com pleted  and, 
if  necessary , during the work. Portable radiation detectors or appropriate 
sm ear tests may be used for  this type of monitoring.

If significant quantities of radioactive substances are handled as unsealed 
sou rces , the hands, clothing and shoes of the w orker should be m onitored 
before  he leaves the working area and all artic les  used in the working area 
should a lso  be m onitored before they are rem oved from  that area.

Appropriate personnel monitoring devices for determining the exposure 
to external radiation, such as film  badges or pocket dosim eters, should be 
worn by a ll person s while engaged in w ork with radioactive sou rces . E x
posure to internal radiation can be assessed, where necessary, by estimating 
the intake o r  evaluating the body burden o f rad ioactive substances. Such 
an evaluation may be based on b io-assay measurements or on measurements 
o f the radiation em itted by substances retained in the body. A ppropriate 
counting equipment and sensitive radiation m easuring dev ices, such as 
scintillation  detectors  and, if  n ecessary , w hole-body m onitors, should be 
available fo r  this purpose.

C arefu l re co rd s  should be kept o f the resu lts  o f a rea  and p erson n el 
m onitoring.

(b) M ed ica l su rve illan ce  [7]

M edical supervision  is  n ecessary  for determining a person 's  fitness for 
work with radiation sou rces  and fo r  follow ing trends in a w ork er 's  state of 
health. It should include an in itia l m ed ica l exam ination to determ ine a 
w orker's  suitability for employment, periodic re-exam inations at appropriate 
intervals and sp ecia l exam inations. It should a lso  include advice on fir s t -  
aid and p erson a l decontam ination  and the setting-up  o f arrangem ents fo r  
the treatm ent o f p erson s  who have re ce iv e d  e x c e s s iv e  rad iation  d o s e s .

W orking r u le s  [ 5J 11]

W orking ru les, in the form  of written instructions, setting out c learly  
the procedures to be followed in all routine work which may involve exposure 
to radiation, should be drawn up and brought to the attention o f all w orkers. 
These ru les should also cover such top ics as the entrance of personnel and 
v is itors  into c lass ified  areas, m onitoring and m edical supervision procedures.

Procedures should also be established for obtaining approval for special 
operations, such as entry into sh ielded  e n c lo su re s , w hich m ight involve 
exp osu res  exceed in g  p re sc r ib e d  lev e ls .
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Accidents may involve exposure to excessive levels of external radiation, 
fo r  exam ple through lo s s  o f sh ielding, o r  exp osu re  to in ternal radiation  
follow ing failure o f containment and d ispersa l of contamination. As a p re 
caution against the occu rren ce  of accidents a ll work should be ca rr ied  out 
accord in g  to p re -arran ged  plans.

Specia l ru les should be drawn up specify in g  the action  to be taken in 
em ergen cy  situations follow ing fo reseea b le  types o f accidents and should 
be brought to the attention o f a ll p erson s who m ay be involved.

E m ergency action  should, in general, be d irected  tow ards protecting 
the person s involved in the accident and preventing any further spread of 
contam ination.

A d m in istra tive organization  [5, 11]

The authority in charge of a laboratory should carry  ultimate responsibility 
fo r  ensuring adequate protection against the effects of radiation, and in d is
charge of this responsib ility  should provide an adm inistrative organization 
in which the tasks related  to ra d io lo g ica l p rotection  are c le a r ly  defined.

These tasks include the p rov is ion  o f appropriate  w orking conditions 
and equipment, the appointment of qualified persons to advise on radiological 
safety  and to p re scr ib e  p rotective  m easu res and v e r ify  their application , 
the provision of appropriate m edical supervision, the designation of radiation 
w orkers, the c lass ifica tion  of working areas, the provision  of training and 
instruction, and the keeping o f record s .
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PART II

DESCRIPTION OF SUITABLE REACTORS

NUCLEAR DATA 
REFERENCES 
PROCEDURES





D ESCRIPTION  OF R E A C T O R S SU ITA B LE  F O R  THE PRO D U CTIO N  OF R AD IO ISO TO PE S*

Reactor Type
Thermal

output

M axim um  neutron flux 
(n /c m 2 s)

(Therm al) (Fast)

Operating
since

Lbcation

CANADA

NRX Tank. Natural U heavy-w ater-m oderated, 
ligh t-w ater-coo led , graphite reflected

40 MW 6 .4 X 1 0 13 1947 A tom ic Energy o f  Canada 
Ltd. , Chalk River

NRU Tank. Natural U heavy-w ater-m oderated, 
cooled  and reflected

200 MW 2. 5 x 1014 1957 -d itto -

CHINA (Taiwan)

THOR Pool. Enriched (20%) U, light-w ater
moderated and co o le d , light-water or 
graphite reflected

1 M W 1 9. 9 x 1012 3, 6 x 1013 1961 Institute o f  Nur1 ar S cien ce , 
National Tsing Hua 
University, Hsinchu

CZECHOSLOVAK SOCIALIST REPUBLIC <

WWR-C
PRAGUE

FRANCE

Tank. Enriched (10%) U, light-w ater
moderated and cooled

2 MW 2. 0 X 1013 1957 Institute for Nuclear Energy, 
C zechoslovak A cadem y o f 
Sciences, Rez-Prague

EL-2 Tank. Natural U heavy-w ater-m oderated, 
carbon-dioxide co o led , graphite reflected

2 MW 7. 7 X 1012 1952 Centre d ’ etudes nucleaires 
de Saclay

EL-3 Tank. Enriched (1. 35%) U, heavy-w ater- 
cooled  and m oderated, graphite and 
heavy-water reflected

15 MW 1. O x lO 14 1957 -d itto -

*  Further inform ation on these reactors may be found in the International Directory o f  Reactors, Vols. I, II and III, published by the International A tom ic 
Energy A gency , Vienna.

1 Could be raised to 1 ,5  MW.



Reactor Type
Thermal

output

MELUSINE

SILOE

TRITON

HUNGARY

WWR-C
BUDAPEST

INDIA

APSARA

C1R
(CANADA-
INDIA)

ISRAEL

Pool. Enriched (20%) U, light-w ater- 12 MW
moderated and cooled

Pool. Fully enriched (90%) U, light-w ater- 10 MW
moderated and coo led , light-water and (design)
beryllium  reflected 15 MW

(actual)

Pool. Enriched (20%) U, light-w ater- 12 MW
moderated and cooled  (sim ilar to 
MELUSINE in Grenoble)

Tank. Enriched (10%) U, light-w ater- 2 MW
moderated and cooled

Swimm ing pool. Enriched (80%) U, light- 1 MW
water-m oderated and coo led  (300 kW

operating
power)

Tank. Natural U, heavy-w ater-m oderated , 40 MW
light-water co o led , graphite reflected

IRR-1 Pool. Enriched (20%) U ligh t-w a ter-coo led , 1 MW
moderated and reflected

M axim um  neutron flux
(n /c m 2 s) Operating

Location
since(Therm al) (Fast)

1 .0  x 10i3 1958 Centre d 'etudes nucleaires
de Grenoble

9 .5 X 1013 1963 Centre d 'etudes nucleaires
de Grenoble

1959 Centre d'etudes nucleaires
de Fontenay-aux-Roses

2. OXlO13 1959 Central Institute for Physics,
Hungarian A cadem y o f  
S ciences, Budapest

3 x l 0 12 1956 A tom ic Energy
Establishment Trom bay, 
Bombay

6. 12 X 1013 1960 -d itto -

1 .4  x 1013 1959 Soreq Research Establishment, 
Israel A tom ic Energy 
C om m ission, Yavne
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JAPAN

JRR-1

JRR-2

JRR-3

NORWAY

JEEP

JEEP II

POLAND

W W R-C-
WARSAW

ROMANIA

W W R-C-
BUCHAREST

SPAIN

JEN-1

Aqueous hom ogeneous water boiler type, 
enriched (20#>) uranyl sulphate solution, 
light-water-m oderated and co o led , graphite 
reflected

C P-5. Enriched U (20%), heavy-w ater- 
moderated, cooled  and reflected

Tank. Natural U, heavy-w ater-m oderated 
and cooled

Tank. Natural U, heavy-w ater-m oderated 
and co o led , graphite reflector

Tank. Slightly enriched (3. 5%) U 0 2 , 
heavy-w ater-m oderated, reflected and 
cooled

Tank. Enriched (10%) U, light-w ater- 
moderated and cooled

Tank. Enriched (10%) U 0 2 , light-w ater
moderated and cooled

Pool. Enriched (20%) U, light-w ater- 
moderated and co o le d , graphite reflected

50 kW

10 MW 

10 MW

450 kW 

2 MW

4 MW

2 MW

3 MW

1 .2 x l 0 12 1957

1. 2 X 1 0 14 1960

2. l x l O 13 1962

2. 7 x 1012 1951

2 .7 X 1 0 13 1965

4. 8 x 1013 1958

1957

Tokai Research 
Establishment, Japan A tom ic 
Energy Research Institute, 
T okai, Ibaraki

-d itto -

-d itto -

Institute for A tom ic Energy,
K jeller

-d itto -

Institute o f  Nuclear Research, 
Swierk Centre, near Otwock

Institute o f  A tom ic Physics, 
Romanian A cadem y o f  
S cience , M agurele near 
Bucharest

3. 5 x l 0 13 1958 Junta de Energfa Nuclear, 
Madrid
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M axim um  neutron flux
_ _  Therm al (n /c m 2 s) Operating
Reactor Type v '  . 6 Location

output , v _  since
(Therm al) (Fast)

UNITED KINGDOM

BEPO Natural U, graphite-m oderated and
reflected , a ir-coo led

DIDO Tank. Fully enriched (93%) U, heavy-w ater-
moderated and co o le d , graphite and heavy 
water reflected

PLUTO Tank. Fully enriched (93%) fuel, heavy-
water-m oderated and co o le d , graphite 
and heavy water reflected

6. 5MW 1. 5 x l 0 12

10 MW

10 MW

1. 6 x l 0 14

0. 3 5 x l 0 14 
in heavy water 
moderator

1948

1956

1957

A tom ic Energy Research 
Establishment, H arwell, Bucks.

-d itto -

-d itto -

UNITED STATES OF AMERICA

LITR

ORR

BGRR ■

YUGOSLAVIA

R-A

Tank. Highly enriched (30%) U, light-w ater
moderated and co o led , beryllium  reflected

Tank. Fully enriched (90%) U, light-w ater- 
moderated and co o led , beryllium  reflected

Fully enriched (93%) U, graphite
moderated and reflected , air cooled

Tank. Enriched (2%) U, heavy-w ater- 
moderated and cooled

3 MW 3. 5 x 1013

30 MW 3 x 1014
(design)

20 MW 
(normal 
operation)

16 MW ~ 2 x  1 0 13
(up to 

20 MW)

6. 5 MW 6. 0 x l 0 13

1950 Oak Ridge National
Laboratory, Tenn.

1958 -d itto -

1950 Brookhaven National
Laboratory, Upton, L .I. 
N. Y.

1959 Boris Kidritf Institute o f
Nuclear S ciences, VinCa



NUCLEAR DATA, REFERENCES 
AND PROCEDURES

BROMINE-82

NUCLEAR DATA

1. NUCLEAR PROPERTIES

1.1 . H a lf-life  

36 h

1. 2. Type o f  d ecay  and en ergy  (M eV)

beta (/3‘ ) 0. 444 (100%) gamma 0. 5541 (80%)
0.6187 (50%)
0. 6984 (33%)
0. 7769 (100%)
0. 8276 (30%)
1. 0440 (35%) 
1 .3171(32% ) 
1.4753 (21%)

1. 3. D ecay  sch em e

!. 648

i. 094 

.. 821

.. 475 

>. 777
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2. NUCLEAR REACTIONS AND PRODUCTION

Reaction

Abundance 
o f  target 
nuclide

m

Cross-
section

(barn)

A ctivity o f  elem ent 
at 1012 n /c m 2 s 

(m C i/g )

1 h 24 h sat.

Secondary reactions 
and h a lf-life  o f  
nuclide formed

81Br(n,y)s2Br 49. 48 3. 1 7 113 307 79B r(n ,y)88mBr 
and 80Br

(T i  = 4 .4  h and 18 min) 

isot. abundance: 50.52 

a -  10 .4  barns

For nuclear data see Refs. [ 1 -4 ] ,

3. APPLICATIONS

B rom ine-82 is  the most long-lived and consequently the most convenient 
p ractica l,rad ioisotope of brom ine. A b r ie f summary of important published 
applications is given below.

3. 1. C hem istry
R adiom etric analysis [5]
C hem ical structure research  [6]
Study of reaction  m echanism  and kinetics [7, 8]
Study of ion adsorption [9]
H ot-atom  chem istry studies [10-25]

3. 2. B iology and b ioch em istry

H aem atological studies [26, 27]
G astroenterology [28]
Study of the ro le  of brom ine in the animal organism  [29]
Study of desoxyribonucleic acid [30]

3 .3 . M edicine

E xperim ents on thyroid function [31]
Diagnosis and therapy [32]

3 .4 . Industry

O il refining industry [34]
M easurem ent of flow  in p ipes [35]
Leak detection in p ipe-lin es [36]
Food industry [37]
Study of sew age-treatm ent p ro ce sse s  [38, 39]
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3. 5. Preparation of labelled compounds

Labelled compounds com m ercia lly  available [40]
Method of labelling trio le in  [41]

4. RADIOLOGICAL PROTECTION

4. 1. E xternal exposu re

82Br is a and y  em itter. The d ose -ra te  of 1 mCi activity at 1 cm  is 
15. 48 R /h  [42] . A ctiv ities up to 50 m Ci at 16 m R p er  6-h  working day can 
be sa fely  handled, using a 60 -m m -th ick  lead shield.

4. 2. Internal irradiation

B rom ine-82  is  c la ss ified  [43] as a C lass 3 (m oderate toxicity ) isotope 
and has an effective  h a lf-life  of 1. 3 d [44] .

The m axim um  p erm iss ib le  concentration  is  [45] :

(/uCi/cm 3)

In w ater In a ir

Soluble 8X 10-3 i o -6

Insoluble 10 ' 3 ' 2 X 10-7

4. 3. Decontam ination

Contamination from  82 Br activity can be adequately rem oved by washing 
in plenty of w ater; the e ffic ien cy  o f decontam ination im proves with the ad
dition of ca rr ie r .

5. SUMMARY OF PRODUCTION METHODS

The production p rocess  is based on the reaction 81Br(n, y )82Br, a ccom 
panied by the reaction 79Br(n, -y)S0Br. Cooling the irradiated target for  about 
one day is  sufficient fo r  80B r to decay. 82B r may be produced without en
richm ent if the neutron flux is  high enough to obtain a satisfactory  sp ecific  
activity, or  by Szilard-C halm ers enrichm ent.

5. 1. Chem ical p r o c e s s e s  without enrichm ent

F o r  the production of 82B r an amm onium brom ide target is  usually 
chosen since, of the radioactive nuclides, no other than the bromine isotopes’ 
are produced  during its  sh o rt-te rm  irrad ia tion . NHJ can be rep la ced  by 
other ions (e .g . Na+, K+, e t c . ) with the addition of a suitable alkali solution 
and subsequent boiling off of the ammonia [46] .
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Irrad iation  at high d o se -ra te s  resu lts in the ra d io ly s is  o f am m onium  
brom ide causing considerable gas evolution [47], The latter can be avoided 
by the use o f barium  brom id e  targets . Ba ions can be rep laced  to  about 
100% e ffic ie n cy  by other ions using ion  exchange re s in s  [48, 49] .

5. 2. C hem ical p r o c e s s e s  with S zila rd -C h a lm ers  en rich m en t

The use of brom ate targets has been investigated by a number of authors 
[10-14] and [5 0 -5 4 ]. The rad ioactive r e c o i l  atom s a re  separated, on the 
d issolu tion  o f K B r0 3 o r  Ca(BrC>3)2, in the fo rm  o f B r " as the s ilv e r  salt. 
An alternative method is  the extraction , from  the aqueous solution, o f i r 
radiated brom ate with carbon  tetrach loride when a ll the radiobrom ine in a 
low er stable valence than brom ate can be separated.

A fter irradiation  of organic compounds of brom ine, e. g. alkyl or a ry l- 
brom ides in a reactor, radioactive bromine can be concentrated by extraction 
in a suitable Water solution . £ -D ibrom ben zen e  is  used frequently  as the 
target m aterial. A fter irradiation the compound is d issolved in benzene and 
the radiobrom ine is  extracted  from  the solution with dilute am m onia. The 
enrichm ent fa ctor  is  about 100 [551 . T here is  cop ious literature on the 
S z ila rd -C h a lm e rs . reactions o f the organ ic com pounds of brom ine (e .g . 
[15-25] and [5 5 -5 8 ]).

A further method fo r  the concentration of radiobrom ine is the irradiation 
of elem entary brom ine adsorbed on active carbon. The radioactive bromine 
can be washed out with d istilled  water by a very  sim ple technique. E nrich
ment o f 82B r reach es 5 0 -5 0 0  tim es [59]..

6. RADIOASSAY

R adiochem ical purity is  checked by 7 -spectrom etry . Activity is  measured 
by one of the usual methods (Section 6 of Part I).
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PROCEDURES

CENTRE D'ETUDES .NUCLEAIRES DE SACLAY, FRANCE

1. GENERAL

B rom in e-8 2  is  p repared  by d ire ct  irrad ia tion  o f am m onium  b rom id e  
without enrichm ent by the S zilard-C halm ers e ffect. The nuclear reactions 
are as fo llow s:

79 B r (n, 7 )80Br —' ■ h> 80Br (18 m)

81 B r (n, y )82Br

The neutron fluxes are large enough to obtain satisfactory specific  activities 
fo r  m edical purposes.

2. EXPERIMENTAL PROCEDURE 

Irradiation

T arget: 500 mg of ammonium brom ide.
Irradiation conditions: 1 week at a flux of 2 .4 X 1 0 12 n /c m 2 s in EL 2.

72 h at 1013 n /c m 2 s in EL 3,
Y ield: Between 200 and 600 mCi per operation.

The m ateria l is  not p ro ce sse d  until the day a fter  unloading fr o m  the 
re a c to r  to elim inate 80B r.

C hem ical trea tm en t 
P reparation

The 500 mg of irradiated NH4Br are poured into 24 m l of N /4 soda and 
heated to boiling point for five minutes to eliminate the NH4 ions. The solu
tion is  neutralized by IN  hydrochloric acid to pH 6 -  7, and made up to 40 ml 
with water.

An isotonic solution of sodium brom ide is  thus obtained.

Apparatus

The above operations are ca rr ied  out in an ord inary  beaker. A com 
bined e lectrod e  is  used fo r  neutralization.

3. ASSAY AND QUALITY CONTROL

The activity of two 1 -m l sam ples is  m easured. Purity  is  p eriod ica lly  
checked by gam m a-ray spectrom etry . The sterility  and non-toxicity  of the 
product are proved by b io log ica l tests.
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4. CHARACTERISTICS OF THE FINAL SOLUTION

R eference: 82B r S-2 -  injectable

A neutral, isotonic, sterile  and pyrogen -free  solution of sodium brom ide, 
meeting the follow ing specifications:
Radioactive concentration, m easured to within 5%: up to 10 m C i/m l. 
Radioactive purity: 80Br content <1%.
Specific activity: 100 - 500 m C i/g .
Sterile.
P yrogen -free .

CENTRAL INSTITUTE FOR PHYSICS, BUDAPEST, HUNGARY

1. GENERAL

P roduction  is  based on the th erm al neutron induced (n, -y) rea ction  of 
the target barium  brom ide. A fter irradiation  barium  ions are rem oved  by 
cation exchange resin .

2. EXPERIM ENTAL PROCEDURE 

Irradiation  

T arget:

F lux:
T im e of irrad iation :
Container:

C hem ical trea tm en t

After irradiation the target is  cooled for 48 h in order to eliminate 80mBr 
activity. Then it is d issolved  in d istilled  water, mixed with Dowex 50 resin  
in sodium form , and shaken fo r  30 min; the exchange between Ba2+ and Na+ 
ions is  quantitative.

3. ASSAY AND QUALITY CONTROL

The purity of the inactive target is previously  checked by activation 
analysis.

The purity of Na82Br is  controlled by adding sulphuric acid to prove the 
absence of B a2+ ion s. R adioch em ica l purity is  checked with the aid of 
a m ultichannel pulse height analyser.

The pH is  m easu red  in the usual way by m easu rin g  aliquot sam p les.

B arium  brom ide, M erck  (analytical grade) — amount 
depending on the request.
1013 n /c m 2 s.
100 h.
Quartz am poule with ground stopper.
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4. CHARACTERISTICS OF THE FIN A L SOLUTION

R adioactive purity : 
S p ecific  activ ity : 
C hem ica l fo rm : 
Sodium  brom id e : 
P otassiu m  brom id e : 
Am m onium  brom id e : 
B arium  brom id e :

> 90%.
1000 m C i/g . 
A queous solu tion .

pH 6 - 7 .  
pH 6 - 7 .  
pH 6 - 7 .

, 131 Ba content < 0 . 1%.

ATOM IC ENERGY ESTABLISHM ENT TRO M BA Y, 
BOM BAY, INDIA

1. GENERAL

B rom in e-32  is  produced by the irrad iation  of a stable brom ide 
in a nuclear rea cto r . The target used is  potassium  b rom ide. When 
KBr target is  irradiated  42K is  a lso  produced by neutron capture in the po
tassium . Hence, an in itial cation-exchange separation is  done to separate 
a ll the potassium  present. B rom in e-82  is  supplied as sodium  brom ide in 
aqueous solution.

2. E XPERIM EN TAL PROCEDURE 

Irradiation

50 -  100 m g potassium  brom ide G. R.
Can type "C "  (co ld -w eld ed  2S aluminium can, 44 m m  
high and 22 m m  diam .).
1 X 10 13 n /c m 2 s.
1 week.

C hem ical trea tm ent

A fter opening the can, the irradiated  KBr is  d isso lved  in w ater and is 
passed  down a cation exchange colum n (D ow ex-50, H+ form ) to rem ove the 
potassium . The effluent is  passed  down a second  cation  exchange colum n 
(D owex-50, sodium  form ) to obtain the 82Br in the fo rm  of Na82B r, which is 
adjusted fo r  isoton icity  and is  sterilized .

T arget:
Container:

F lux:
Irradiation  period :

3. ASSAY AND QUALITY CONTROL

The activity is  assayed by m easuring a known volum e of stock solution 
in a calibrated ion cham ber.
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The brom ide is  estim ated by V olhard 's  method.
R adioactive purity is  determ ined by taking a gam m a-ray  spectrum  of 

the test sam ple.

4. CHARACTERISTICS OF THE FINAL SOLUTION

C hem ical fo rm : NaBr in aqueous solution.
S pecific  activity : > 1 C i/g .
R adioactive concentration : > 1 m C i/m l.
R adioactive purity (exclusive of 80mB r): > 99%.

MINISTRY OF DEFENCE, ATOMIC ENERGY COMMISSION, 
SOREQ RESEARCH ESTABLISHMENT, YAVNE, ISRAEL

A. PRODUCTION OF S2Br as NH4B r AQUEOUS SOLUTION

1. GENERAL

Irradiation  o f NH4B r produces 82Br by the (n, y) reaction . The ir 
radiated sam ple is  "c o o le d "  fo r  two days, and d issolved  in water.

2. EXPERIM ENTAL PROCEDURE 

Irradiation

The target m aterial is ammonium brom ide (AR). F or  long irradiations 
calcium  brom ide (AR) is  used.

Irradiations are made in the Isra e l R esearch  R eactor (IR R -1) at a 
therm al neutron flux of 10*3 n /cm *  s (rabbit) o r  3 X 1 0 13 (pool).

Samples are usually "coo led " fo r  48 h after irradiation to allow the4.5-h
80 B r activity to decay.

Typical conditions

Irradiate 100 mg of NH4B r fo r  10 min in the "rabb it" system  to obtain
0. 34 mCi of 82Br after 48 h decay tim e. The 8°i” Br activity will then be less 
than 1. 7%.

Irradiate 40 mg CaBr2 • 2HzO fo r  1 h in the pool to obtain 5 mCi of 82Br 
after 48 h decay tim e. The 80mBr activity will then be less  than 1. 7%.

F o r  p oo l irrad iation  the target is  sealed  into a 15 -m l capacity  s ilica  
ampoule, which is  in turn put into an alumihium irradiation container. F or 
"rabb it" irradiation the sample is  sealed into a polyethylene vial.

Chem ical treatm ent

Lim ited, in this case, to sample dissolution in water.
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B. PRODUCTION OF S2Br AS ELEMENTARY BROMINE

1. GENERAL

The irradiated  NH4Br is  d issolved in a sodium  brom ate solution. P e r 
ch lor ic  acid is added. The evolved brom ine is  condensed in a re fr igera tor  
flask.

2. EXPERIM ENTAL PROCEDURE

Irradiation: s e e  (A) above.

Chem ical treatm ent

T ransfer irradiated ampoule into lead cell.
Wash ampoule with acetone.
Break ampoule. D isso lve  irradiated  brom ide in water.

Add sto ich iom etric  amount of NaBrOs accord ing to the reaction:

N aB r03+ 5 NH4B r + 6 HCIO4 = 3 Br2 + NaC104 + 5 NH 4CIO4 + 3 HzO

T ransfer solution to distillation  flask  (see F ig . 1)
Heat distillation  flask  gently.
Add the p erch lor ic  acid  slow ly, drop by drop.
R eceive  and condense brom ine by m eans of ic e -s a lt  bath.
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JAPAN ATOMIC ENERGY RESEARCH INSTITUTE,
TOKAI, IBARAKI, JAPAN

The production process  is based on irradiation of the ammonium bromide 
target and dissolution in distilled water.

1. GENERAL

2. EXPERIMENTAL PROCEDURE 

Irradiation

Target m aterial; 5. 0 g NH4Br (JISGR1) fo r  JRR-1; 1. 0 for JRR-2.
Container:

Flux:

Irradiation tim e: 
Side reactions:

Sealed in the polyethylene sheet, then placed in the poly 
ethylene capsule (JR R -1).
P laced in the polyethylene bottle, then in the polyethylene 
capsule (JRR-2).
~ 3 X 1 0 H  n /cm 2 s (JR R-1).
-2 X 1 0 1 3  n /cm 2 s  (JR R -2).
15 h (5 h X 3 d) fo r  JR R -1; 20 min fo r  JR R-2.
Form ation of 80B r, 80mBr,which are eliminated by cooling.

Chem ical treatm ent

The apparatus is  shown in F ig. 1.

©
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F IG .l. Arrangement o f  apparatus for 82Br production

a . Polyethylene capsule cutter d . Remote pipetter for dispensing
b . Dissolving vessel
c .  Reagent feed pipes

e .  Bottles o f  product

Cut the polyethylene inner capsule by the cutter (a).
P la ce  the target in the d isso lv in g  v e sse l (b), then add 5 - 8  m l /g  of NH4B r 
d istilled  w ater from  the reagent feed  pipe (c ) to d isso lve  the target.
W arm  up the solution fo r  about one minute to rem ove fre e  brom ine.
The product solution is  dispensed in the sam ple bottles.

Japan Industrial Standard Grade Reagent.
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3. ASSAY AND QUALITY CONTROL

The routine assay  is  made by the w ell-type  ion ization  cham ber. The 
calibration is made by a 4 :t/3-y coincidence counter. The free  bromine con
tent is determined by the co lorim etric  method.

4. CHARACTERISTICS OF THE FINAL SOLUTION

Chem ical form : NH4Br in aqueous solution.
R adiochem ical purity: > 99% .
Specific activity: ~  4. 5 m C i/g  of Br (JRR-1 product).

~  10 m C i/g  of Br (JRR-2 product). 
Concentration: ~  0.7 m C i/m l (JRR-1 product).

~  1. 0 m C i/m l (JRR-2 product).

INSTITUTT FOR ATOMENERGI, KJELLER, NORWAY 

1. qENERAL

82Br is  produced by irradiating ammonium brom ide: 81Br (n,7 )82Br. The 
target m aterial is dissolved and converted to sodium brom ide.

2. EXPERIMENTAL PROCEDURE 

Irradiation

Target m aterial:
Tim e of irradiation:
Container:
Flux:
Side reactions:

Chem ical treatm ent

The irrad ia ted  am m onium  brom id e  is  d isso lv ed  in w ater, sodium  
hydroxide is  added, and the solution is  evaporated to dryn ess. A fter d is 
solution of the residue in w ater a sm all quantity of dilute hydroch loric  acid  
is  added fo r  neutralization, and sodium  thiosulphate solution is  added as a 
p reserva tive .

200 mg NH4Br, M erck, p. a.
2 d.
Aluminium can with a sealed polyethylene inner container. 
Approximately 2 X 1012 n /c m 2 s.
79 Br (n, y )80mBr/80Br (4 .4  h /18 min). A fter irradiation 
the target m aterial is stored for one day to reduce acti
vity due to S0mBr ancj 80g r>

119



3. ASSAY AND QUALITY CONTROL

R adioactivity, relative ionization cham ber m easurem ents.
Isotop ic purity control, j3-absorption analysis, y -spectrograph y . 
pH.
C hem ical purity control, em ission  spectrography.
R adiochem ical purity control, radiochrom atography.
T oxicity  and pyrogen control, test on anim als.

A ll products are subject to individual inspection and approval by pharma
ceutical personnel.

4. CHARACTERISTICS OF THE FINAL SOLUTION

BRIS -  sodium brom ide in neutral isotonic solution,sterilized. 
Radioactive concentration: 1 -1 .5  m C i/m l.
Isotopic purity: 
Radiochem ical purity: 
Specific activity: 
pH:
C hem ical purity:

80m B r  less than 5%.
99% as brom ide.
100 m C i/g  Br.
7

M etals, spectrograp h ica lly  determ ined, le s s  
than 10 /ug/m l.

INSTITUTE OF NUCLEAR RESEARCH, 
SWIERK NEAR OTWOCK, POLAND

1. GENERAL

B rom ine-82 is  obtained by the irradiation  of ammonium brom ide in the 
neutron flux

81Br(n, -y)82Br

Irradiated am m onium  brom ide is  d isso lved  and then tran sform ed  into 
sodium  brom ide.

2. EXPERIM EN TAL PROCEDURE 

Irradiation

Target: A pproxim ately 500 m g of amm onium brom ide, analy
t ica l reagent.

F lux: 2X 1013 n /c m 2 s.
T im e of irradiation : 24 h.
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Container: Quartz ampoule, herm etically  closed , wrapped in alu
m inium fo il and c losed  in an alum inium  capsule by 
welding.

Chem ical treatm ent

Target m ateria l is  stored  fo r  24 h a fter irrad ia tion  in o rd e r  to allow  
decay of sh ort-liv ed  80j3r .

Irradiated and "coo led " ammonium brom ide is  dissolved in 0. 25 N NaOH 
and b o iled  fo r  5 m in in o rd er  to rem ove  am m onia. The solution  obtained 
a fter coo lin g  is  brought with 1 N HC1 to pH 6 - 7  and then isoton ic  solution 
of sodium  brom ide is  obtained by the addition of an appropriate volum e of 
w ater.

The product is  packed in p en icillin -typ e  v ia ls  which are stoppered  
with rubber stoppers and closed  with aluminium tops. The v ia ls are s te r i
lized  at 2. 5 atm fo r  25 min.

3. ASSAY AND QUALITY CONTROL

The activity  o f the product is m easured  in the ion ization  cham ber 
ca librated  with a standard.

B rom id es are determ ined by s ilv e r  nitrate titration .

4. CHARACTERISTICS OF THE FINAL SOLUTION

Sodium brom ide in aqueous solution, iso ton ic , s te r ile .
S p ecific  activ ity : 1 0 0 - 150 m C i/g  B r.
R ad ioch em ica l activ ity : B rom in e-80m  le s s  than 2%. 
pH: 6 - 7 .

R E F E R E N C E S

[ 1] DOUIS, M. , VALADE, J. , «P rojet d'une installation de traitement chimique de radio£16ments \ courtes 
p£riodes», Production and Use o f Short-lived Radioisotopes from Reactors, Proc, Seminar., IAEA, Vienna 
(Nov. 1962), IAEA, Vienna I (1963) 49.

[2 ] HEYDORN, K ,  , "Experiences with the irradiation o f ammonium-bromide", ibid, 123.

THE RADIOCHEMICAL CENTRE,
AMERSHAM, BUCKS., UNITED KINGDOM

1. GENERAL

Ammonium brom ide is irradiated in a therm al neutron flux 81B r(n,y) 82Br. 
The final product is  made available in two chem ica l fo rm s, amm onium and 
sodium brom ide.
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2. EXPERIM ENTAL PROCEDURE

Irradiation

Ammonium brom ide A . R.
Up to 0. 5 g.
6 d.
P rim ary  and secondary screw -top  aluminium containers. 
10 12 n /c m 2 s.
79Br(n, y) S0mB r /80Br.
The h a lf-liv es  of these isotopes are sufficiently  short to 
make the leve l insignificant a fter one d ay 's  storage.

C hem ical trea tm ent

The target m aterial is d issolved in water, free  brom ine being rem oved 
by the passage of an air stream . The remaining solution is adjusted fo r  iso 
tonicity. To convert into the sodium salt, the ammonium brom ide solution 
is passed down a cation exchanger in the sodium  form .

3. ASSAY AND QUALITY CONTROL

Identity is by ^ -spectrom etry . A ssay is  by ion cham ber against 226Ra. 
pH by C apillator and brom ide ion by titration against s ilver  nitrate.

Target m ateria l: 
Amount:
Irradiation tim e: 
Container:
Flux:
Side reactions:

OAK RIDGE NATIONAL LABORATORY,
TE N N ., UNITED STATES OF AMERICA

1. GENERAL

Brom ine-82 is produced by a (n, 7 ) reaction in a KBr target 8lBr(n,y)82Br. 
The isotope is  separated by ion exchange in  colum ns conditioned with HC1 
and KOH in su ccession . Potassium  rem ains on the firs t  colum n, and b ro 
m ine elutes from  the second as KBr.

2. EXPERIM ENTAL PROCEDURE

Irradiation

T arget:
Neutron flux: 
Irradiation  tim e: 
R eactor y ield :

150 mg KBr. 
2 X 1014 n /c m 2 s. 
40 h.
4 Ci.
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Chem ical treatm ent 

Apparatus

Two ion exchange columns (Fig. 1) and a hot off-gas scrubber unit (Fig.2) 
are required fo r  processing.

f

v /

T T

OAK RIDGE NATIO NAL LAB O R A TO R Y
0 I 2 3 4 5 6 7 I  > 10 II 12
1 I I I I I I I I I I I I I I I I I I I I I I I I I I 1 I I 1 I I I l l . l l i l  111 I I I 111

F IG .l. Double ion exchange colum n for 82Br purification

F IG .2. Hot o ff-gas  scrubber unit
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P rocessin g

Yield; > 90%.

The irradiation  can is opened, and the target is  d issolved in water in a 
beaker placed under the hot o ff-ga s  assem bly.

Two 50-m l ion exchange colum ns are prepared with A m berlite IR-120 
cation resin . One colum n is  conditioned with 6 M HC1 and washed with 
d istilled  H2O until the effluent is  neutral. A second colum n is conditioned 
to potassium  form  with 1 M KOH solution and washed with distilled H2O until 
neutral.

The d issolved  target solution is  placed in the head tank of the first 
colum n. Effluent from  this column is  tran sferred  d irectly  to the head tank 
of the second colum n. When the solution has passed through both colum ns, 
they re ce iv e  three 2 5 -m l washes of d istilled  H 20 .  P otassiu m  rem ains on 
the first column, and 82Br elutes from  the second column as KBr. Effluents 
are combined into a clean beaker and evaporated to 50 ml.

3. ASSAY AND QUALITY CONTROL

A sample is  analysed fo r  82B r concentration, radiochem ical purity, and 
tota l so lid s  a ccord in g  to  the ORNL M aster A nalytica l M anual (T ID -7015), 
p roced u re  N o .9 0733131.

The p recis ion  and accu racy  of the 82B r are : Calibration by 4 7r(3-y c o 
in cidence counter. Routine assay by ion ization  cham ber and w e ll-typ e  
scintillation  counter. Estim ated lim it of e rro r  in disintegration — rate con
centration of routine shipment, 5%. P rec is ion , 2%.

4. CHARACTERISTICS OF THE FINAL SOLUTION

P ro ce sse d , high sp ecific  activity 82B r is  delivered  in the form  of KBr 
in water. Other specifica tions of interest are:
Concentration: > 1 m C i/m l.
S pecific activity : = 1000 m C i/g  B r.
R adiochem ica l purity: > 98%.
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CHROMIUM-51

NUCLEAR DATA

1. NUCLEAR PROPERTIES

1 .1 . H alf-life  

27. 8 d

1. 2. Type o f  d ecay  and en ergy  (M eV)

EC (100%) gamma 0. 005 (ch aracteristic X -ra y  from  vanadium)
0. 325 (~ 8%)

1. 3. D ecay sch em e
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2. NUCLEAR REACTIONS AND PRODUCTION

Reaction

Isotopic 
abundance 

o f  the 
nuclide 

(ft)

Cross-
section
(barns)

A ctiv ity o f  elem ent 
at 1012 n /c m 2 s

1 week 4  weeks saturation

Secondary reactions 
and h a lf-life  o f  
nuclide formed

S
3 O *3* o 4 .3 1 15. 900 (th) 15. 5 m C i/g  31 m C i/g  222 m C i/g

gC rC n^njU C r 83.76

2gFe(nt ot^iCr 5. 82 0. 00074 (f) 5. 5 jLiCi/g 31 (iC i/g  222 MCi/g 2gFe(n,y )|gFe

(T  =2. 6 yr) 
o  = 2 .8  barns

« F e (n .p )“ Mn

(T  =278 d)
0  = 56 mbarns

i|Fe(ntp )“ Mn

(T  = 2. 58 h)
isot. abund.: 9 1 .6°Jo
o  = 0. 8 ? 0 .4  mbarns

52lF e (n .y )^ F e  

(T  =45 d)
isot. abund.: 0. 33% 
o  = 1. 01 barns

(th): for thermal neutrons.
(f): for fast neutrons.

For nuclear data see Refs. [ 1 - 6 ] ,

F o r  the production  o f 51C r use is  m ade o f the (n, y) reaction  on 50C r. 
T here are two ways o f p roceed in g :

-  starting with enriched  50C r (in the fo rm  of C r03 o r  C r2 0 3 )
-  starting with potassium chromate and usingthe Szilard-Chalm ers effect.

3. APPLICATIONS

3. 1. Industrial

Chromium-51 has been used for:
Self-diffusion measurements 
C orrosion  research  
Studies on wear 
Studies on arc-w elding
It is also used as a tracer in sedimentology 
F or general works referring to the uses of siQr
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3. 2. Medical and biological

Chrom ium -51 is  used solely  fo r  diagnostic work, in the form  of sodium 
chrom ate and chrom ic ch loride.

3 .2 . 1. Applications of sodium chrom ate [14-18]

The main application of sodium chromate is  fo r  labelling red blood cells. 
It perm its determination of the blood volume (doses of the order of 5-10 pCi) 
[19], the lifetim e of the red blood ce lls  and their renewal rate (doses of the 
order of 50 MCi).

Sodium chrom ate is  a lso  used fo r : 
labelling various ce lls : leukocytes

throm bocytes 
ascitic  ce lls

labelling various m olecu les: haemoglobin,
endotoxin of E scherich ia  co li
dextran
casein

3 .2 .2 . A pplications of ch rom ic ch loride [14-18, 20]

It is used fo r  labelling various proteins: 
human serum albumin to an activity level of 50 /uCi (this is the'most important 

application) and bovine serum albumin 
human and rabbit plasma protein 
human haemoglobin 
endotoxin of Escherichia co li.

The m edical applications of 51Cr are dealt with in other works [25].

4. RADIOLOGICAL PROTECTION
4. 1. External exposure
4. 1. 1. Irradiation doses

The dose delivered  by 1 Ci of 51Cr at a distance of 50 cm  is 0.0628 rem /h  
[22 ] .

4. 1. 2. Safety m easures

In Table I are shown tenth -th icknesses1 fo r  lead and ordinary concrete 
which give som e idea of the amount of p rotection  needed in handling 51C r.

In practice , the follow ing thicknesses of lead are required to reduce the 
dose to 1 m R /h  at 50 cm :

0. 15 cm fo r  handling 10 mCi of 51Cr
0. 5 cm  " " 100 mCi " "
1.2 cm  " " 1  Ci " "

1 The tenth-thickness is the thickness o f  shielding required to reduce the intensity o f  a -/-radiation 
o f  given energy by a factor o f  ten.
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TABLE I

PR O TE C TIO N  IN HANDLING 51C r  [22]

1/10 thickness 
(cm )

Pb
ordinary concrete 

d = 2. 3

For a y o f  0. 325 MeV 0 .65 9 .5

4. 2. Internal irradiation

Chrom ium -51 is c lass ified  as a weakly tox ic  (category 4) isotope [23] . 
Its effective ha lf-life , allowing fo r  both radioactive decay and excretory pro
cesses , is 26.6 d [24],

In the case of internal irradiation (ingestion or inhalation), the maximum 
p e rm iss ib le  concentrations in a ir  and w ater re sp ectiv e ly , fo r  a 40 -h  ex 
posu re , a re :

10"5 /u C i/cm 3 and 0 .05  /u C i/cm 3 (soluble  fo rm ) . .
2 X 10 ' 6 f iC i /c m 3 and 0. 05 f iC i /c m 3 (insoluble fo rm )

4. 3. D econtam ination

Except in one or two particular cases, there is no specia l decontamina
tion method fo r  any given radioisotope. General texts on this subject [26-30] 
indicate that the follow ing m easures are adequate.

4 .3 .1 . Skin

Rapid and repeated washing with good-quality  soap, warm  water and a 
soft brush. If this is not sufficient, use can be made of detergents or 5 -  10% 
solutions o f com plexing agents o f the EDTA (ethylenediam ine te tra -a ce t ic  
acid ) type. It is  a lso  p oss ib le  to apply saturated perm anganate solutions 
fo llow ed  by rinsing with a 5% bisulphite solution  to neutralize and rem ove 
stain. A brasive  pow ders should not be used and the addition o f entraining 
agents has proved  disappointing.

If any wounds are contaminated, they must be treated rapidly by bleeding, 
washing with water, decontam ination as fo r  the skin and som etim es by ad
ditional su rg ica l cleaning.

4 .3 .2 .  Hair

If the ha ir is  contam inated, it is  im portant not to take a show er, but 
m erely  to wash the head. A norm al, good-quality  shampoo is  usually suf
ficien t. If contamination is  persistent, the follow ing solutions can be used: 

para isop rop y lorth ocreso l 
lavandin o il
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AC compounded terp en e -free  lem on 
g lycerin  diacetin 
benzoic acid

Contam ination is  m uch e a s ie r  to rem ove  if the ha ir is  not g rea sy .

4. 3. 3. L abora tory  equipment

G lassw ear is  usually cleaned by steeping and th is is  m ainly a ra d io 
ch em ica l p rob lem . The use o f a sp e c if ic  entraining agent o r  solutions of 
com plexing agents g ives good resu lts and so do solutions of ch rom ic  acid , 
concentrated n itr ic  acid , am m onium  citrate, pentasodium  triphosphate or 
am m onium  b iflu oride .

5. SUMMARY OF PRODUCTION METHODS

T w o m ain m ethods o f p rep a rin g  51Cr can be found in the lite ra tu re .

5. 1. B y  the (n, y) r ea c tion

5. 1. 1. On m eta llic  chrom ium , either natural [31] o r  en rich ed  in 
ch rom iu m -50  [31, 32]

The target is  d isso lved  in the m inim um  quantity of 12 M h yd roch loric  
acid . This is  follow ed by filtering , and finishing in 1 M h ydroch loric  acid .

5. 1. 2. On the oxide of chrom ium  enriched in 50Cr

Hudswell et al. [33] p ropose  the follow ing m ethod: The irradiated
oxide is  d isso lved  in potassium  acid  sulphate solution . T o  c o o l the solid , 
it is  d isso lv ed  in Water (with a little  sulphuric acid  if n e ce ssa ry ) and the 
chrom ium  hydroxide is  precip itated with a slight ex cess  of dilute amm onia 
in the p resen ce  of am m onium  ch loride. The precip itate is  separated from  
the hot solution on 541 Whatman paper. The paper is washed severa l tim es 
with 1% ammonium nitrate and the precipitate is then extracted with a current 
of pyrogen -free  hot water. A fter treating the suspension with caustic soda, 
the chrom ium  is then all oxidized to chrom ate with sodium peroxide and the 
pH adjusted to 8 with hydroch loric acid.

5. 2. B y  the (n, y) rea ction  fo llow ed  by  en rich m en t by  S z ila rd -C h a lm ers  
e ffe c t

5. 2. 1. On potassium  chrom ate (this is  the target n orm ally  used)

T here  a re  d ifferent p r o c e s s e s  fo r  separating the "hot a tom s".

Separation  by  p recip ita tion  without the addition  o f entrain ing agents [34]

This is  the s im plest m ethod. It con sists  of d isso lv in g  the irrad iated  
potassium  chrom ate in double-deion ized  w ater of pH between 6 and 7, and
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separating the C r3+ by filtration  on a No. 4 fritted  d isc  without the addition 
of entraining agent. This fa cilita tes  w ashing of the ch rom iu m  hydroxide 
precip itate rem aining absorbed on the fritted  d isc and subsequent oxidation 
of the Cr3+ to C r 6+. This oxidation is  perform ed at 100°C by alkaline hydrogen 
peroxide. When oxidation is  finished, the solution is filtered  and its pH ad
justed to 6 . 5 - 7  with 1 N_ h yd roch loric  acid . The enrichm ent fa cto r  is  be 
tween 1000 and 3000.

Separation by precip itation  using as entraining agents
Chrom ium  [35, 36]
Iron [37-39]
Alum inium  [40-42]
Lanthanum [43]

Separation by chrom atography

-  on an alumina colum n [44] . The irradiated  potassium  chrom ate is 
d issolved  in a dilute solution of am m onia. This solution is  passed through 
an alumina column treated several times in advance with dilute acid and dilute 
am m onia. The chrom ate is  eluted by washing with dilute am m onia and water. 
The C r m retained on the alum ina is  eluted with 0. 1 N h y d roch lo r ic  a cid .

-  by ion exchange [45] . There are two stages. F irs t , the irradiated 
potassium  chrom ate is  d isso lved  in dilute h y d roch lo r ic  acid  and the C r 3+ 
ions form ed during irradiation  of the O 2O7'  ions are separated by passing 
through an anion resin  (Dowex 1X8). The O 2O 7’  ions are adsorbed whilst 
the C r 3+ ions pass through. T hese Cr3+ ions are then ox id ized  to CrOJ' ; 
one then has a solution  of K 2CrC>4—KC1.

The second part of the method consists of eliminating the potassium ions. 
To do th is, the K 2CrC>4—KC1 solution obtained as above is  passed  through 
another anion-resin  column. The O O 4'  ions are adsorbed on the resin  whilst 
the K+ ions pass through. Finally, the chrom ium  is  eluted from  the column 
using a reducing m ixture of a sco rb ic  acid , ethyl a lcoh ol and h yd roch loric  
acid .

5. 2. 2. On chrom ium  oxide with separation by ion exchange [46]

5 .2 .3 .  On am m onium  b ich rom a te  and ch ro m iu m  a ce ty la ce to n a te  [47]

5 .2 .4 .  On ch rom iu m  h ex a ca rb on y l w ith sep a ra tion  by  e x tra c t io n  [48]

5. 2 . 5. On d iffe re n t o rg a n ic  com pou n ds [39 , 4 9 - 51]

R E F E R E N C E S
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1963).
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PRO CE D U RE S

ATOMIC ENERGY OF CANADA LIMITED, CHALK RIVER, CANADA

1. GENERAL

Chrom ium -51 is a beta gamma em itter with a h a lf-life  of 27. 8 d. It is 
produced in the rea ctor  by the irradiation of enriched chrom ium -50

50Cr(n, Y)51Cr

After irradiation the target is processed  to the chloride form . A portion 
of this is further p rocessed  to the chrom ate form . Both form s are shipped 
to the pharm aceu tica l industry f o r  fu rther p ro ce s s in g  and distribu tion  to 
the m ed ica l p ro fe ss ion .
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2. E XPER IM E N TAL PROCEDURE

Irradiation

The irradiation target at Chalk R iver consists of 5 - 1 0  mg of chromium 
m etal enriched to 90% in 50Cr. This is sealed into a sm all inner aluminium 
v ia l because of the sm all quantity and then in a standard re a c to r  capsu le. 
The usual yield is from  250 to 800 C i/g  depending on flux and duration of the 
irradiation . An appropriate number of capsules are held under irradiation 
to provide norm al requirem ents.

Chem ical treatm ent

The ch em ica l p ro c e s s  con s is ts  of d isso lv in g  the irrad iated  ta rget in 
HC1. This produces C rC l3 solution which is one form  of our standard pro 
duct. A portion  o f this solution is  converted  with NaOH to Na2 C r 0 4 which 
is  another fo rm  of our standard product.

The irradiated capsule is transferred with extension tongs from  a trans
fe r  container to the processin g  equipment. The capsule is  opened m echanically 
and the contents transferred to a tared weighing vessel on a balance by means 
of w hich the weight o f C r m etal is  determ ined to the n earest 0. 05 m g. A 
sm all quantity of 1 N HC1 is  added. Dissolution is  brought about by heating 
the mixture with an in fra -red  lamp. The solution is filtered  and passed into 
a volum etric flask. The flask is  made up to volume with additional 1 N HC1. 
The product is  now in the fo rm  of C rC l3 . A sm all sam ple is  withdrawn at 
this stage fo r  ch em ica l and rad ioch em ica l analysis.

To prepare sodium chromate, an appropriate aliquot of the chloride form  
is  withdrawn. It is  converted  by the rapid  addition of a fre sh ly  prepared  
alkaline peroxide solution. The excess  peroxide is  destroyed by heating the 
solution with an in fra -re d  lam p. The final solution is  filte red  and passed  
into a vo lu m etric  fla sk  and made up to volum e with d istilled  w ater.

Equipm ent

The p ro ce ss in g  equipment con sists  of a weighing beaker and balance, 
g la ss  funnel and fi lte r  paper, sm a ll beak ers, vo lu m etr ic  fla sk s , reagent 
bottles and an in fra -red  lamp. These are placed in a glove box having 4 in. 
(10 cm ) of lead shielding on all sides. Fitted through the walls are ball joint 
manipulators and a lead glass window to permit remote viewing and operation. 
The box is  exhausted through absolute filters.

3. ASSAY AND QUALITY CONTROL

4. CHARACTERISTICS OF THE FINAL SOLUTION 

Chemical

When the preparation  is  in the ch loride form , a sm all sample is  with
drawn fo r  a total solids determination and spectrographic analysis. Another
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sm a ll sam ple o f the chrom ate fo rm  is  withdrawn fo r  an a lysis  and pH 
adjustm ent.

R ad iochem ica l

S pecific activity . This is  calculated from  the weight o f the chrom ium  
p rocessed  and the m easured total 51 Cr activity obtained.

A ctiv ity  concentration

The p rin cipa l radiation m easured  is  the 0. 323-M eV gam m a ray. The 
output from  a suitable dilution o f the active solution is  analysed on a 512- 
channel analyser. The count-rate in the peaks indicates the activity  con 
cen tration  and the sp ectru m  is  used  to ch e ck  the r a d io c h e m ic a l p u rity .

IN STITU TE OF N U C LE A R  SCIEN CE, 
NATION AL TSING HUA U N IVERSITY, 

HSINCHU, TAIW AN , R E P U B LIC  O F CHINA
©

1. G E N E RA L

C hrom ium -51 is  prepared by nuclear reaction  5t)Cr(n, y )51Cr using po
tassium  chrom ate as a target m ateria l. The ruptured chrom ium  (III) is 
separated fro m  the target by precip itating  as hydroxide, which is  then 
oxid ized  to chrom ate form .

2. EXPERIM EN TAL PROCEDURE

Irradiation

Target m aterial: 
Irradiation container: 
Irradiation condition: 
Irradiation tim e:

50 g potassium  chromate (B aker's analysed reagent). 
Aluminium can 4.7 cm  d ia m ., 9 cm  high.
Neutron flux 2 X 1 0 1 2  n / c m 2  s.
60 h.

Chem ical treatm ent

F ifty  gram s o f irrad iated  potassium  chrom ate is  d isso lved  in 120 m l 
o f re -d is t ille d  w ater. A fter the pH of the solution is  adjusted to 8 ~ 9 ,  the 
solution is  warmed in a water bath fo r  about 10 min. The precipitate is then 
filte red  with T oyo  F ilte r  paper No. 5C. The precip itate on the filte r  paper 
is  then washed thoroughly until the filtrate  is  fre e  from  chrom ate ion, and 
d issolved  with a sm all amount of h ydroch loric acid . The chrom ium  (III) is  
then oxidized with sodium  peroxide in an alkaline solution.
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3. ASSAY AND QUALITY CONTROL

The ch em ica l analysis of the product is  ca r r ie d  out a ccord in g  to 
Oak Ridge National Laboratory M aster Analytical Manual, 900712110 and 
907332111-3. Pharm aceutical control is carried  out according to "Minimum 
Requirem ents o f Radioactive D rugs", M inistry of Health and W elfare, Japan 
(1962).

4. CHARACTERISTICS OF THE FINAL SOLUTION

Chem ical form : 
Concentration: 
S pecific activity: 
Acidity:
R adiochem ical purity:

Na2C r04 in NaCl solution.
2 m C i/m l.
20 m C i/m g  Cr. 
pH 7 ~  8
> 99%.

CENTRE D'ETUDES NUCLEAIRES DE SACLAY, FRANCE

Chromium-51 is prepared by the Szilard-Chalm ers effect u singaK 2Cr04 
target, 50Cr(n, y) 51Cr. The method at present u tilized [1] con sists  of se 
parating the "S z ila rd " C r by filterin g  on a fritted  g la ss . The method has 
been im proved  by d isso lv in g  the K 2C r04 target not in w ater, but in a 10% 
KC1 solution to floccu la te  the chrom ium  hydroxide.

The chrom ium  hydroxide precip itate  rem ains absorbed  on the fritted  
g lass and the C r3+ is  oxid ized  to C r6+.

2. E XPERIM EN TAL PROCEDURE 
Irradiation

T arget:
Irradiation conditions:

Y ield:

C hem ical treatm ent 
Preparation

F our hundred gram s of irradiated potassium  chrom ate are d issolved in 
100 m l of a 10% solution of potassium  ch loride. The solution is then passed

P otassiu m  chrom ate (P ro labo  RP).
13~40  g per capsule at a mean flux of 1012 n /c m 2 s 
fo r  five w eeks, o r  to 5 ~  40 g p er capsule at a flux 
o f 1 .5X 10 13 n /c m 2 s fo r  10 d.
0. 8 Ci with a sp ecific  activity of 100 to 200 m C i/m g 
fo r  one w eek 's  irrad ia tion , 2 .4  Ci with a sp e c ific  
activity o f 3 0 -  50 m C i/m g  fo r  10 days' irradiation .

136



into a filtration apparatus fitted with a No. 4 fritted plate. Filtration is  per
form ed  at ordinary p ressu re . Washing is  then ca rried  out with doubly 
d istilled  w ater until a co lou r le ss  filtrate is  obtained.

The chromium hydroxide on the plate is then redissolved cold with 7 5 ml 
of 6 p er  m ille  NaOH plus 50 m l H 20 2 in a 110-m m  vacuum . The solution 
is  collected  in a neutralization vesse l and heated to boiling point fo r  30 min. 
It is  left to coo l and then neutralized with 0. 5 N HC1 to pH 7 - 8 .  It is  made 
up to 70 ml.

A solution of isoton ic sodium  chrom ate in sodium  ch loride is  thus 
obtained.

The solution is  filte red  on a sm all No. 4 fritted  plate to elim inate any 
fore ign  hydroxides that may be present.

Apparatus

The K 2C r 0 4 is  d isso lved  in a 1500-m l bottle surm ounted by a ground 
glass joint. M ixing is  ensured by a m agnetic agitator.

The chrom ate solution is  filte red  on a No. 4 fritted  g lass plate.
Oxidation of the C rm to C rVI is  ca rr ied  out in the neutralization ap

paratus heated by an in fra -red  heater and fitted with a condenser.
The final solution is  passed through a second apparatus of the same de

sign as the firs t , but sm aller.

3. ASSAY AND QUALITY CONTROL

A fter each operation the follow ing tests are carried  out:
A radiochem ica l purity test by gam m a-ray spectrom etry on the 325 keV line. 
M easurem ent of the activity of two sam ples in an ionization cham ber. 
Determ ination of ca rr ie r  content.
P a p er  ch rom atography  to  determ in e the quantity o f C r 3+ in the solu tion . 
B io log ica l tests  to determ ine the y ield  of labelled  eryth rocytes and the 
sterility  of the product.

4. CHARACTERISTICS OF THE FINAL SOLUTIONS

R eferen ce : 51C r S - l  -  in jectable

A neutral, isotonic, sterile  and pyrogen -free solution of sodium chromate, 
meeting the following specifications:
Radioactive concentration, measured to within 5%: 1 - 2 0  m C i/m l.
Radioactive purity: 51Cr content >99.  9% (gam m a-ray spectrum charac

teristic  of 5!Cr).
Radiochem ical purity: Chromium content > 95%.
Specific activity: 20 -  200 m C i/m g.
Affinity fo r  erythrocytes: In vitro labelling yield of rabbit erythrocytes >75%.
Sterile
P yrogen-free
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R eference: 51 Cr S-2 -  non-injectable

An iso ton ic  solution  o f chrom ium  ch lor id e , pH 2 - 3 ,  m eeting the 
fo llow in g  sp ecifica tion s :
R adioactive concentration , m easured to within 5%: 1 - 2 0  m C i/m l. 
Radioactive purity: 51 Cr content >99 . 9% (gam m a-ray spectrum  charac

te r is tic  of 51Cr).
R adiochem ical purity: Trivalent chrom ium  content > 95%.
Specific activity: 20 -  200 m C i/m g.
Affinity fo r  plasm a proteins.

R eferen ce : 51 Cr S-3

A chrom ium  ch loride solution in an HC1 medium free  from  sodium ions: 
10 -  20 m C i/m g.

R E F E R E N C E

[1 ] DOUIS, M. , VALADE, J ., Une installation de preparation de radiofilements par effet Szilard-Chalmers, 
CEA Rep. No. 2072.

CENTRAL INSTITUTE FOR PHYSICS, BUDAPEST, HUNGARY

1. GENERAL

P roduction  is  based on the nuclear reaction  50Cr(n, y )51Cr.
F o r  products fo r  industrial use, p rocess in g  con sists of the dissolution 

of the irradiated metal in hydrochloric acid and the conversion of the chrom ic 
chloride solution into the required chem ical form .

F o r  the preparation  of sodium  chrom ate fo r  m edica l use, the S zila rd - 
Chalm ers p ro ce ss  is  used in order to obtain high sp ecific  activity.

2. EXPERIM ENTAL PROCEDURE 
Irradiation

T arget: C hrom ium  m etal, Johnson-M atthey (sp ec pure) fo r
industria l u ses.
P otassiu m  chrom ate, M erck  (an alytica l grade) fo r  
m ed ica l u ses. W eight o f target variab le .

F lux: 2 X 1 0 13 n /c m 2 s.
T im e o f irrad iation : 600 h fo r  51C r fo r  industria l u ses.

10 h fo r  51 C r fo r  m ed ica l u ses.
Container: Quartz ampoule with ground stopper fo r  51 C r fo r  in

dustria l uses.
Aluminium capsule with threaded stopper fo r  51Cr for  
m edica l uses.
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C hem ical treatm ent

Chrom ium -51 fo r  industrial use: The irradiated m etal is d issolved  in 
hydrochloric acid and thereafter converted to the required compound in con
ventional chem ical ways.

C hrom ium -51 fo r  m ed ica l u ses : In preparing sodium  chrom ate fo r  
m ed ica l use the irrad ia ted  potassium  ch rom ate  is  d isso lv ed  in su lphuric 
acid, fe r r ic  ch loride is  added, and "h ot" ch rom ic ions are co -p recip ita ted  
with amm onium hydroxide. A fter filtration  and washing, the precip itate is  
dissolved in hydrochloric acid and the precipitation is  repeated several tim es. 
F inally hot sodium hydroxide and hydrogen peroxide are added to the p re c i
pitate, and the filtrate, containing the s ic r  in the form  of sodium chromate, is 
diluted with sodium ch loride solution to adjust isoton icity . The solution is 
sterilized  in an autoclave at 120°C fo r  40 min.

3. ASSAY AND QUALITY CONTROL

The chrom ium  content of the solution is determined co lorim etrica lly  by 
com paring the absorption with calibrated standard solutions.

pH and sterility  are m easured and controlled in the usual manner. 
R ad ioch em ica l purity is  checked  by 7 -s p e c tro m e try  with the aid o f a 

m ultichannel pu lse height analyser.

4. CHARACTERISTICS OF THE FIN AL SOLUTION

Isoton ic solution of sodium  chrom ate diluted with sodium  ch loride  
solution.
R adioactive purity: 99. 9%
S pecific  activity : 104 - 2 X 1 0 4 m C i/g
Sterile

ATOMIC ENERGY ESTABLISHMENT TROMBAY, BOMBAY, INDIA

1. GENERAL

When crystalline potassium chromate is  irradiated with thermal neutrons 
in a reactor the 5lCr form ed by radiative capture is enriched in the trivalent 
state in accordance with the Szilard-C halm ers re co il p rocess . The enriched 
51 C r (III) can be separated from  the irradiated  K2C r0 4  by se lective  p r e c i
pitation on a colum n of chrom atographic grade alumina.

A dilute am m oniacal solution of the irrad iated  potassium  chrom ate is  
passed down an alumina column when the enriched trivalent chrom ium  acti
vity is  retained on the colum n, w hereas the chrom ate passes down. A fter 
washing the colum n fre e  of chrom ate, the 51 C r (III) activity  is  leached out



with dilute acid  and the eluate is evaporated to d ryn ess. The residue 
is  leached out with alkaline p'eroxide to give 51 Cr in the form  of sodium 
chrom ate.

2. EXPERIM ENTAL PROCEDURE 

Irradiation

Target: 60 g of reagent grade potassium  chrom ate crysta ls.
In APSARA: Container type "A "  (screw -ca p p ed  IS  alum inium  can 73 m m  

high and 26.5 m m  in diam .). 20 g X 3 cans.
Flux: 3 X 1 0 12, n /c m 2 s.
Irradiation  period : 1 week.

In CIR: Container type "C " (cold-welded 2S aluminium can, 44 mm high
and 22 mm in diam.). 10 g X 6 cans.
Flux: 1 -  1.5X1013 n /c m 2 s.
Irradiation period: 1 week.

Chemical treatment

A fter cutting open the cans the irradiated chrom ate crysta ls are tapped 
on .to the top of an alumina column (1 cm 2 X 6 cm  long, alkali w ashed). 
250 m l of 1 M ammonia solution is  added in 50-m l portions on to the column 
t ill a ll the chrom ate is  d isso lved . Then the colum n is  washed with 100 m l 
o f doubly d istilled  water and the washings are re jected .

The adsorbed 51Cr is  then eluted from  the colum n by adding 150 m l of 
1 _M HC1 in 50-ml portions. The combined eluate is  then evaporated to dry
ness in a distillation  flask . The activity is  leached out with 20 m l of 0. 1 M 
HC1 and again concentrated to about 1 ml.

A known amount of standard sodium hydroxide is  added to the contents 
of the flask and the pH is adjusted to 9. A few drops of 30% H20 2 are added 
and the solution is  boiled  to rem ove ex cess  peroxide. A fter cooling the pH 
is again adjusted to 7 and the chrom ate solution is  adjusted fo r  isoton icity  
and thenthe solution is centrifuged to separate tra ces  of aluminium hydroxide. 
The clean supernatant solution is  dispensed into different v ia ls, sealed and 
autoclaved at 15 lb /in 2 fo r  45 min.

3. ASSAY AND QUALITY CONTROL

The radioactive concentration  is  determ ined by m easuring a known 
volum e of the stock  solution  in a calibrated  ion ization  cham ber.

The pH of the sto ck  so lu tion  is  d e te rm in ed . T h is  sh ou ld  be 7 - 8 .
The total so lid  content is determ ined by evaporating a known volum e 

and weighing the res id u e .
The ra d ioch em ica l purity is determ ined by separating C r3+ and CrO^' 

on an alumina colum n and m easuring the a ctiv ities  individually.
The rad ioactive purity is  con firm ed by gamma spectrom etry .
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The chrom ium  content is  estim ated by reading the absorption  o f the 
stock  solution  in a 1 -cm  c e ll  at 37 0 rryu and reading o ff the con cen tration  
fro m  the ca lib ra tion  cu rve .

4. CHARACTERISTICS OF THE FINAL SOLUTION 

S p ecific  a ctiv ity : > 50 C i/g .
Chem ical com position : Sodium chrom ate in isotonic saline solutions, pH 7. 
R adiochem ical purity: > 95%.
Concentration: > 1 m C i/m l.

INSTITUTT FOR ATOMENERGI, KJELLER, NORWAY

1. GENERAL

Chromium-51 is produced by irradiating potassium chromate, ™Cr(n, y)51Cr. 
A Szilard-C halm ers reaction  in the target m aterial crystals K 2Cr0 4, causes 
(depending on the conditions during irradiation , tem perature, neutron flux, 
e t c . ) 25% of the radioactivity produced to be present as trivalent chromium. 
This part of the total activity is  separated from  the hexavalent target com 
pound by means of anion exchange. Anion exchange is  a lso  used to rem ove 
unwanted elem ents, m ainly potassium  ions, from  the product solution. The 
p ro ce ss  has been patented (see Norwegian Patents Nos. 102 733 and 102 958, 
and relevant re feren ces  [ 1 - 2 ] ) .

2. E XPERIM EN TAL PROCEDURE

Irradiation

Target m ateria l:
T im e of irrad iation :
Container:
F lux:
Tem perature:

Side reactions:

Chem ical treatm ent

The irradiated  potassium  chrom ate is  d isso lved  in dilute h ydroch loric  
acid, and the solution is transferred to an anion exchange column. The hexa
valent part o f the chrom ium  is  adsorbed  on to the colum n res in , while the

30 g K 2C r0 4 , dried , M erck , p. a.
20 d.
A lum inium  can.
10 12 n /c m 2 s.

The tem perature of the target m aterial during' irradia
tion should not exceed 60°C.
41K(n, y)42K. The target m ateria l is  stored  fo r  a few  
days before  separation to reduce the radioactivity  due 
to 42 K.
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trivalent chrom itim  passes through together with unwanted cations from  the 
target m aterial solution. A fter oxidation with hydrogen peroxide the radio
active chrom ium , now in the hexavalent state, is  adsorbed to the resin  of a 
second anion exchange colum n. The potassium , together with cationic im 
p u rities , is  w ashed d ire c t ly  to the w aste system  and by redu ction  with a 
m ixture of a scorb ic  acid, ethyl alcohol and hydrochloric acid the radioactive 
chrom ium  is  regen era ted  fr o m  the colum n res in . F in ally  the solution  is  
ox id ized  by m eans of hydrogen peroxide and neutralized to give the desired  
product.

3. ASSAY AND QUALITY CONTROL

R adioactivity, relative ionization cham ber m easurem ents.
Isotop ic purity control, ^ -absorption  analysis;

'y-spectrography.

pH
Chem ical purity con trol, em ission  spectrography;

dry m atter content (evaporation); 
peroxide content (spot test, KMn0 4 ); 
potassium  content (N a-tetraphenylborate).

S pecific activity con trol, chrom ium  content (spectrophotom etry). 
R adiochem ical purity control, radiochrom atography.
T oxicity  and pyrogen  control, test on anim als.

A ll products are subject to individual inspection and approval by pharma
ceutical personnel.

4. CHARACTERISTICS OF THE FINAL SOLUTION

CRIS -  sodium chromate in neutral isotonic solution, sterilized. 
Radioactive concentration; 1 -2  m C i/m l.
Isotopic purity: Greater than 99%.
Radiochem ical purity: At least 95% as Cr6+.
Specific activity: Greater than 10 m C i/m g Cr.
pH: 7.
C hem ical purity: M etals, spectrographically  determ ined (except

Cr), less  than 10 /ug/m l.

R E F E R E N C E S

[1 ] BIRKELUND, O. R ., KALTENBORN, N. , RASSOUL, A. , Preparation o f Chromium-51 by Szilard-Chalmers 
Reaction and Separation by Ion Exchange Techniques, Kjeller Report KR 40 (1963) 21.

[2 ] BIRKELUND, O.R. , DAHL, J. B. t Tagging o f Human Red Cells with Chromium-51, Kjeller Report KR 63 
(1964).
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INSTITUTE OF NUCLEAR RESEARCH, 
SWIERK NEAR OTW OCK, POLAND

1. GENERAL

Chrom ium -51 is  obtained in the form  of sodium chrom ate by irradiation 
in the re a c to r  o f enriched  8 5 -9 0 %  chrom ium  oxide, subsequent oxidation  
of the target with perch loric acid and dissolution of C rO ? in sodium hydroxide 
solution.

2. EXPERIMENTAL PROCEDURE 

Irradiation

Target: 15 mg of enriched 85-90%  chromium oxide.
Flux: 2 X10 1 3 n /c m 2 s.
Time of irradiation: 4 - 6  weeks (reactor working 86 h per week at fullpower).
Container: Aluminium capsule closed by welding.
Activity obtained: 4 0 0 - 700 mCi.

Chemical treatm ent

F ifteen  m g of the irrad ia ted  chrom ium  oxide is  d isso lv ed  in 30 m l o f 
perch loric  acid. The dissolution is carried  out at 180 - 185°C. A fter d isso
lution o f C r 203 the tem perature is  maintained at 1 8 0 -  185°C fo r  15 min in 
order to produce com plete oxidation of C r3+ to C r 6+ (C rO s). During oxida
tion the co lou r of the solution turns from  light green  to pale yellow . A fter 
oxidation the solution is  coo led  fo r  3 0 - 4 5  m in. A fter coo lin g  C r0 3 in the 
fo rm  of sm all red  crysta ls  is filtered  onto a G -3 sintered g lass fi lte r . F o r  
transform ation of obtained Cr0 3  into sodium chrom ate the crysta ls  obtained 
are d issolved in a sm all volume of 1 N NaOH on the filter  and then the filter 
is  washed with a few  m illilitres  of pyrogen -free water. Activity of the solu
tion obtained in this way is  adjusted to the requ ired pH by neutralization of 
the excess NaOH with 0. 1 HC1 to a pH of 6. 5 to 7. 5. Isotonicity of the solu
tions is  produced  by the addition of an appropriate volum e of w ater. The 
operations are ca rr ied  out in an enclosure shielded with 5 -cm  lead plates.

3. ASSAY AND QUALITY CONTROL

D eterm ination  o f the a ctiv ity  o f the fin a l p rod u ct: the p r in cip a l rad iation  
m easu red  is  the 0. 323-M eV  gam m a ray .
The ch em ica l purity  is  determ ined  sp ectra lly .
The ra d ioch em ica l purity  is  determ ined  b y  quantitative determ in ation  of 
C r 3+ in ch rom ate  o r  C r 6+ in ch lo r id e  (im p u rities ).
Radiation purity  is  checked  by gam m a sp ectrom etry .
Sodium  ch lo r id e  con cen tra tion  is  determ in ed  by s i lv e r  n itra te  t itra tion .
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4. CH ARACTERISTICS OF THE F IN A L SOLUTION

Sodium  ch rom ate  in iso ton ic  sa lin e . 
R ad ioactive  con cen tra tion  0 . 5 - 2  m C i/m l. 
R a d io ch em ica l purity  not le s s  than 99%. 
S p e c ific  a ctiv ity  1 0 - 7 0  m C i/m g .
S te r ile , p y r o g e n -fr e e , pH 6 -  8.

R E F E R E N C E S
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[2 ] UNITED KINGDOM ATOMIC ENERGY AUTHORITY, The production o f «C r at the Radiochemical Centre, 
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[3 ]  BORIS KIDRlC INSTITUTE, The Production o f  51Cr at the Boris KidriC Institute, Yugoslavia (1964).
[4 ]  KAUFMANN, Sheldon, J. Am . chem . Soc. 82 (1960) 2963-64.
[5 ] OAK RIDGE NATIONAL LABORATORY, ORNL Radioisotopes Manual 3633 VI (1964).
[6 ] INGRAND, J. , Contribution & l ’erude des propri£tes biologiques des composes marques' au radiochrome 51Cr, 

Thesis, CEA, Saclay (1964).
[7 ] BEHRENS, C. F. , A tom ic m edicine, The Williams and Wilkins Co. , Baltimore, 3rd Ed. 20 10 (1959) 

513-21.

JUNTA DE ENERGIA NUCLEAR, MADRID, SPAIN

1. GENERAL

The production  p ro ce s s  is  based on the irrad iation  of K 2C r04  and the 
m ethod or ig in a lly  developed  by  D ouis and Valade [1] ,  w hich em ploys the 
adsorption  of 51C r on the porou s g lass  p late.

2. E XP E R IM E N TA L PROCEDURE 

Irradiation

T a rg e t m a ter ia l: 40 g, potassium  ch rom ate  of ana lytica l grade quality . 
C on ta in er: L ea k -tig h t, a lum in ium  con ta in er , 2 4 X 2 6  m m  d ia m .
F lu x : 5 X 1 0 11 n / c m 2 s (J E N -1 ).
Irradiation tim e: 3 weeks, equivalent to 136 h of continuous reactor opera

tion at 1 MW.
Approxim ate yield  is  70 mCi with the sp ecific  activity of 
2 0 -  30 m C i/g .
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C h em ica l trea tm en t

S eparation  m ethod

The Cr(OH)3 precipitate is adsorbed on a porous glass plate. The entire 
p rocess  com prises the following steps [2] :

D isso lve  the irrad iated  K 2C r 0 4 in w ater at the ra tio  of 25 m l/1 0  g of 
chrom ate. Leave the solution fo r  at least 4 h.

The Cr(OH)3 precipitate is filtered by a No. 4 porous glass plate; a slight 
suction is  applied at the beginning. Wash the precipitate with approximately 
250 m l of water.

D issolve  the washed precipitate with 5 m l of 10% HC1, and heat gently. 
The C r(O H )3 is  re -p re c ip ita te d , and the solution  is  neutra lized  with 10% 
NH4OH against the phenolphthalein in d icator.

The Cr(OH)3 is oxidized to CrO| with 1 ml of 30% H2Oz (Perhydrol Merck) 
and 5 m l of 0. 1 M NaOH. E xcess oxidant is removed by boiling.

The chromate solution is made isotonic by the addition of 1 m l of H3PO4 
( 1 : 5 )  and adjustment of the pH to 7 with 1 M NaOH. The volum e o f the 
solution is  made to 10 m l.

A p oss ib le  m ethod to im prove  the sp e c if ic  activ ity  is  cu rren tly  being 
investigated [3] . It is  established that favourable results can be obtained if:

The flux density is  in creased , and the irradiation  period  is  decreased .
About 6 d are allowed to pass between the tim e the irradiated  m ateria l 

is  rem oved from  the rea ctor  and the tim e it is  p laced in solution.

Apparatus

The operation is  ca rr ied  out on a laboratory  bench with a shield made 
of lead b r ick s .

3. ASSAY AND QUALITY CONTROL

The determination of chem ical purity is made by em ission spectrography 
as fo r  32P preparations.

The p rec ise  chrom ium  content needed fo r  the determ ination of sp ecific  
activity is  determ ined as fo llow s [4] :

Take 0. 5 m l of the chromate solution, then dilute to 10 ml with distilled 
water.

P la ce  2 m l of the resu lting  solution in a 25-m l flask . Add 4 d rops of 
concentrated H2S04 and 5 m l o f w ater.

Heat the solution  to the fum ing o f SO3 , then allow  to coo l.
Add 1 m l of 10% ammonium persulphate and 1 ml of 1% AgN03 solutions. 

Heat gently  until the p ersu lph ate  is  rem ov ed . B o il  fu rth er  f o r  10 m ini
The solution is  allowed to cool, then tran sferred  to a 25 -m l m easuring 

flask . The rem ainder o f the treated sam ple is  entrained with water.
Add 0. 5 m l of 1% diphenylcarbazide solution, and bring the solution to 

25 m l. S tir. A fte r  5 m in m easurem ent is  m ade with a 1 cm  op tica l c e ll  
and at 540 mjLi in a B eckm an M odel B sp ectrop h otom eter.
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R adioactive purity is  determ ined by gamma spectrom etry . The appa
ratus is  described  in the procedu res fo r  32P.

R adiochem ical purity is  determined by measuring the quantity of chromium 
in the form  of chrom ate present in radioactive solution of this radioelem ent. 
This is  done by precipitating lead chrom ate with lead acetate and measuring 
the activity of the precipitate with a scintillation counter [5] .

The C r3+ present in the solution of radioactive sodium chrom ate is  de
termined by ascending chromatography on No. 2 Whatman paper. The solvent 
used is  the mixture of water, 95% alcohol and ammonium hydroxide (d: 0.925), 
at the ratio  o f 5 : 2 : 1 .  The R f  values a re : C r3+ = 0. 0, CrO| = 0. 9. The 
activ ity  m easurem ent is  m ade with an ion ization  ch am ber (see  32P ). An 
e r r o r  of le s s  than 10% is  allow ed.

B io log ica l tests indicate over 75% labelling of red b lood  ce lls  in v itro  
with radioactive sodium  chrom ate [5] .

4. CHARACTERISTICS OF THE FINAL SOLUTION

Sodium chrom ate -  51C r in jectable

Neutral (pH 5 - 7 ) ,  isotonic, sterile  and pyrogen -free solution of sodium 
chrom ate meeting the follow ing specifications:
Chem ical purity:

Radioactive purity: 
Radiochem ical purity: 
Radioactive concentration: 
Specific activity:
Sterility :

A nalysis of p y ro g e n s1: 
Isotonicity:

Results of a typical analysis are:
Elements not detected: Cd, La, Mn, Ni, Pb,
Si, Sn, As, and Te.
Elements with concentration of less than 3 /ug/ml: 
Al, B, Mg.
Ditto at less  than 10 pg /m l: Ca, Fe.
51 Cr content > 99. 5%.
Chromate content > 95%.
1 - 2 0  m C i/m l.
Above 20 m C i/m g.

S terilization  is  ca rr ie d  out in an autoclave at 
120° C fo r  about 1 h.

Tested by means of conductim etric measurem ents.

51 Cr -  chrom ium  chloride, non injectable

Isotonic solution o f chrom ium  ch loride, pH 3 - 4 ,  m eeting the follow ing 
specifications:
Chem ical purity: As fo r  sodium chrom ate -  51Cr injectable
Radioactive purity: 51 Cr content > 99. 5%.
R adiochem ical purity: 51 C r3+ content > 95%.
Radioactive concentration: 1 - 2 0  m C i/m l 
S pecific activity: over 20 m C i/m g.

1 See the section on 32P provided by the Junta de Energia Nuclear, Madrid, Spain.
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THE RADIOCHEMICAL CENTRE, 
AMERSHAM, BUCKS., UNITED KINGDOM

1. GENERAL

Chrom ium , as ch rom ic oxide, electrom agnetically  enriched to 85-90% 
in 50Cr, is  irradiated  in a high therm al neutron flux, 5°Cr(n, ,y )51C r.

The p rocess in g  is  aim ed to convert the oxide to the ch loride.

2. EXPERIM ENTAL PROCEDURE 

Irradiation

Target m ateria l: C hrom ic oxide EM enriched in s0Cr to 8 5 -  90%.
Amount: 20 mg.
Irradiation tim e: 21 d.
Container: Sealed silica  ampoule -  prim ary; aluminium tube secondary.
Flux: 1014 n /c m 2 s.
Side reactions: None.

Chem ical treatm ent

The ch rom ic oxide is  d issolved  in p erch lor ic  acid , the excess  of which 
is reduced with SO2. The hydroxide is  precipitated at pH 2-4 withhexammine, 
and then centrifuged and washed. It is  treated with excess sodium hydroxide 
and hydrogen peroxide. The excess  NaOH is neutralized and the solution of 
sodium chrom ate made isoton ic. C hrom ic ch loride is  obtained by reducing 
the chrom ate solution with S0 2 -

3. ASSAY AND QUALITY CONTROL

Identity by gamma spectrom etry; assay by scintillation counting against 
a 137Cs re feren ce . pH by C apillator; Cr elem ent by polarography; cationic 
im purities by ion exchange; NaCl by s ilver  nitrate titration.
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4. CHARACTERISTICS OF THE FINAL SOLUTION

Preparation:
Concentration of radioelem ent: 
Concentration total elem ent: 
Specific activity:
R adioisotopic purity:
Total solids:
Appearance:
A cidity, alkalinity or pH: 
Organic m atter:
Total alpha:
M etallic im purities:

Sodium chrom ate in isotonic saline.
0 . 5 - 1  m C i/m l.
1 0 - 1 5  /ug/m l.
3 0 -  100 m C i/m g  Cr.
Not less  than 99%.
< 1 0  m g /m l.
Clear, slightly yellow , solution.
pH 6 - 8
Nil
Nil
As and Pb < 5 ppm.

OAK RIDGE NATIONAL LABORATORY, 
T E N N ., UNITED STATES OF AMERICA

1. GENERAL

Chrom ium -51 is produced by the 50Cr(n, y) 51Cr reaction in an enriched 
(to 98% 50Cr) chrom ium  metal target. The metal is  converted to chloride form  
in HC1 solution and filtered fo r  the final product.

2. EXPERIMENTAL PROCEDURE

Irradiation

Target: 15 mg chromium metal enriched to 98% 50Cr.
Neutron flux: 2 X 1 0 14 n /cm 2 s.
Irradiation tim e: 26 weeks.
Reactor yield : 11 Ci.

Chem ical treatm ent 

Apparatus

A hot o ff-g a s  scrubber unit fo r  target dissolution (see F ig . 2 of section  
on 82Br) and a 3 -in  fine, s in tered -g lass  filte r  are used.

P rocess in g

Yield:, > 90%.
The target m aterial is dissolved in a minimum amount of 12 M HC1 under 

low  heat. Solids are filte red  out and the volum e adjusted to 50 m l o f 1 M 
HC1. A c le a r  green  solution  resu lts .
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3. ASSAY AND QUALITY CONTROL

A sample is  analysed fo r  total solids, m olarity of HC1, 51Cr concentra
tion, and radiochem ical purity accord ing to ORNL M aster Analytical Manual 
(TID-7015), procedure No. 9 0733211.

P recis ion  and accuracy  of the 51Cr assay are:
Routine assay by ionization chamber and w ell-type scintillation counter. 
Estim ated lim it of e r r o r  in d isintegration -rate  concentration o f routine 
shipment, 5%.
Estim ated p rec is ion , 3%.

4. CHARACTERISTICS OF THE FINAL SOLUTION

C hrom ium -51 is  supplied as C rC l3 in HC1 in p rocessed  enriched fo rm  
as a stock  item . Other specifica tions of interest are:
A cid ity : I N  ±50% .
Concentration: > 10 m C i/m l.
S pecific activity : s  100 000 m C i/g  of Cr.
R adiochem ical purity: > 99%.

BORIS KIDRlC INSTITUTE OF NUCLEAR SCIENCES, 
VINCA, YUGOSLAVIA

1. GENERAL

Irradiation of a K 2C r04  target gives r ise  to 51Cr by the 50Cr(n, 7 ) ^C r 
reaction. F or the production of 51Cr the method of Douis and Valade [1] is 
used. This method has been im proved by omitting the addition of NaOH 
during the oxidation o f C r3+ to C r 6 + .  The degradation of the g lass is  thus 
avoided.

2. EXPERIM EN TAL PROCEDURE

Irradiation

T arget: 15 g of reagent grade K2C r 0 4 .
The c r o s s -s e c t io n  of the reaction  50Cr(n, 7 ) 5iCr is  (Xn.y: 11. 5 barns. 

Owing to the 50Cr content in the natural elem ent (4. 4%), the value o f
0. 58 barns should be taken in to ’ account in calculating the activity. The 
form ation  of isotope 42K by the reaction : 4iK(n, y )42K, CTn r : 1. 1 barns (i. e.
0. 076 barns with re sp e ct  to  the 41K content in natural m ixture) should be 
noted.

149



T h e rm a l flu x : 2 - 3 X 1 0 1 3  n /c m 2 • s  (R A  r e a c t o r  at V inC a).
Irrad iation  tim e : 23 h. A fter irra d ia tion  the target is  le ft to  co o l

fo r  7 d fo r  rad ioactive  42K decay.
Irradiation  con ta iners: C ylindrical, alum inium  cans with screw ed  co v e rs : 

internal length: ->70 mm; internal diameter: -  25 mm.

Chem ical treatm ent

Separation method

Irradiated K 2C r0 4 is  d issolved  in d istilled  w ater in v e sse l A . The pH 
of the distilled  water is  made up to pH 7 with NaOH so as to obtain optim al 
conditions fo r  51Cr(OH )3 precip itation . A fter d isso lv in g  the chrom ate the 
solution is  tran sferred  to v esse l B and then to a v esse l fo r  waste solutions F 
when 51Cr(OH )3 rem ains on the sin tered g lass  o f v e sse l A . The sin tered  
g lass  is  then rin sed  with w ater to rem ove the rem aining chrom ate. A fter 
rinsing, oxidation is  p erform ed  by adding 30% H 2O2 . Oxidation p ro ce e d s  
with heating and 51C r3+ ox id izes  to  red  p e rch ro m ic  acid  (H 3C rO s) w hich, 
on heating, quantitatively d ecom p oses  into H 2C r0 4 . A fte r  t ra n s fe rr in g  
the acid  to v esse l B the acid is  evaporated to dryness by slow heating to re 
m ove the ex cess  o f H 2O 2. The d isso lv in g  of ch rom ic acid  in a 0. 9% NaCl 
solution  produ ces N a251C r04 in an isoton ic  NaCl solution.

Apparatus

The p ro ce ss  is  ca rried  out in an apparatus of Pyrex g lass, 
o f the apparatus is  shown in F ig. 1.

A diagram

F IG .l. Apparatus for the production o f  Cr 
Vessel for dissolution and oxidation (A )
Vessel for evaporation (B)
Vessels for waste solutions (C ) (F)
Vessel for filtration o f  the final product (D) 
Burette (E)
Heaters (G  I and G II)
Distribution tube for transportable vacuum (H) 
Vessels for adding chem icals (K  and L)
Plastic stopcocks (1 -6 )

Radioactive m easurem ent of the solution.
Radioactive control.
Chem ical purity control. Determ ination of C r3+ content [4 -6 ] .



Quantitative determ ination of Cr content [2, 3 ] . 
Sterility control [7] .

4. CHARACTERISTICS OF THE FINAL SOLUTION

R eferen ce: Y V C r 51/2 , Na251C r04 in sterile  isotonic NaCl solution

A sterile  solution of N a251C r0 4  in isoton ic NaCl solution, m eeting the 
follow ing sp ecifica tion s:
R adioactive concentration, m easured to within 10%: 0. 5 m C i/m l. 
R adioactive purity: 51 C r content m ore  than 99. 9%.
R adiochem ica l purity: N a2C r04 content m ore  than 90%.
S pecific activ ity : 20 m C i/m g .
Sterile
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COBALT-58

NUCLEAR DATA

1. NUCLEAR PROPERTIES

1 .1 . H a lf-life  

72 d

1. 2. Type o f  decay and en ergy  (M eV)

EC (85%) gamma 2 y-rays of annihilation energy 0.51
beta (j3 + ) 0.485 (14. 8%) 0.805 (34%)

1.3 (6.3 X 10" 4%) 0.810(77%)
1.62 (0.5%)

1. 3. D ecay schem e
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2. NUCLEAR REACTIONS A N D  PRODUCTION

Reaction

Isotopic 
abundance 

o f  the 
nuclide

(ft)

Cross- 
section 
(barn )

A ctiv ity  o f  elem ent 
at 1012 n /c m 2 s 

(m C i/g )

I d  1 week saturation

Secondary reactions 
and h a lf-life  o f  
nuclide formed

IlN iC n .p ^ C o 67.88 0 .09  (f) 0 .017 1 17 2sNi(n, yjlsN i

(T = 7. 5x  104 yr) 
o  = 4. 4 barn

s2|N i(n ,a)25Fe

(T  = 2 .6  yr) 
o  = 0 .17  mbarn

2sN i(n ,p )2°C o

(T = 5. 27 yr)
isot. abund.: 26. 237"
o  = ~  5 mbarn

28Ni(n,p)27Co

(T  = 1. 65 h)
isot. abund.: 1. 19°?o

t|Ni(n, y )! !  Ni

(T  = 120 yr)
isot. abund.: 3. 66%
a = 15 barn

2gN i(n ,a )26Fe

(T  = 45 d) 
o  = 0. 002 mbarn

faNiCn. y)is  Ni

pCo(n,2n)|5 Co lOO'ft

(T = 2. 56 h)
isot. abund.: 1. 08%
o  = 1. 52 barn

(f): for fast neutrons.
For nuclear data see Refs. [ 1 ,2 ] .

The target norm ally  used fo r  the preparation  of coba lt-58  is  n ickel 
oxide (NiO).

3. APPLICATIONS
3. 1. Industrial

Absolute m easurem ent of the activity of the 58Co form ed  by the nuclear 
reaction  58Ni(n, p )58 Co is  used fo r  determ ining fast neutron flux [4],
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C obalt-58 can be used as an internal standard in liquid scintillation  or 
as a tr a c e r  in cobalt studies, fo r  exam ple to label the [C o(C n 6) ]3" used in 
hydrology [5] .

G eneral re fe re n ce s  on applications m ay be found in [6 ] ,

3. 2. M ed ical and b io logica l

C obalt-58 is  used fo r  labelling vitamin B 12 [7-12] utilized in studies of 
m etabolism , esp ecia lly  fo r  the diagnosis of pern icious anaem ia. The dose 
adm inistered is  generally  of the order of 0. 5/uCi [7] ,  Other re feren ces  on 
this subject are in [13] .

4. RADIOLOGICAL PROTECTION

4 .1 . E xternal exp osu re

4. 1. 1. Irradiation doses

The dose delivered by 1 Ci of 58Co at a distance of 50 cm  is 2. 2 rem /h . 
[1 4 ,1 5 ].

4. 1. 2. Safety m easures

In Table I are shown tenth-thicknesses1 fo r  lead and ordinary concrete 
which give som e idea of the amount of p rotection  needed in handling 58Co.

TABLE I

PROTECTION IN HANDLING 58Co

1 /1 0  thickness
(cm )

•Pb Ordinary concrete
d = 2 .3

For a y o f  0. 81 MeV 2 .4 15. 0

For a y o f  1 .6  M eV 4 .1 22. 5

In practice , the follow ing thicknesses of lead are required to reduce the 
dose to 1 m R /h  at 50 cm :

3. 2 cm  fo r  handling 10 mCi of 58Co
5. 6 cm  "  " 100 mCi " "
8 cm  "  " 1 Ci "  "

1 The tenth-thickness is the thickness o f  shielding required to reduce the intensity o f  a y-radiation 
o f  given energy by a factor o f  ten.
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4. 2. Internal irradiation

Cobalt-58 is  cla ss ified  as a m oderately toxic (C ategory 3) isotope [17] ,  
Its effective h a lf-life , allowing fo r  both radioactive decay and excretory pro
cesses , is  8. 4 d -[-18].

In the case of internal irradiation (ingestion or inhalation), the maximum 
perm issib le concentrations in air and water, respectively, for a 40-h exposure, 
are:

8X10"7 ^ C i/cm 3 a nd4X10 ‘ 3 juCi/cm 3 (soluble form ) . .
5X10*8 p C i/cm 3 and 3X10"3 /uCi/cm 3 (insoluble form )

4 .3 . Decontamination

Except in one or two particular cases, there is  no specia l decontamina
tion method fo r  any given radioisotope. General texts on this subject [20-24] 
indicate that the follow ing m easures are adequate:

4. 3. 1. Skin

Rapid and repeated washing with good-quality soap, warm  water and a 
soft brush. If this is  not sufficient, use can be made of detergents or 5 -  10% 
solutions of com plexing agents of the EDTA (ethylenediam ine te tra -a ce t ic  
a cid ) type. It is  a lso  p oss ib le  to apply saturated perm anganate solu tions 
fo llow ed  by rinsing with a 5% bisulphite solution to neutralize an d 'rem ove 
stain. A brasive pow ders should not be used and the addition o f entraining 
agents has proved  disappointing.

If any wounds are contaminated they must be treated rapidly by bleeding, 
washing with water, decontam ination as fo r  the skin and som etim es by ad
ditional su rg ica l cleaning.

4. 3. 2. Hair

If the hair is  contam inated, it is  im portant not to take a show er, but 
m erely  to wash the head. A norm al, good-quality sham poo is usually suf
ficient. If contamination is  persistent, the follow ing solutions can be used: 

paraisop rop y lorth ocreso l 
lavandin o il
AC compounded terp en e -free  lem on 
glycerine diacetin 
benzoic acid

Contamination is  m uch ea s ier  to rem ove i f  the hair is  not greasy .

4. 3. 3. L a b ora tory  equipm ent

G lassw are  is  usually  cleaned  by steeping and th is is  m ainly a ra d io 
ch em ica l p rob lem . The use o f a sp ec ific  entraining agent o r  solutions of 
com plexing agents gives good resu lts and so do solutions of ch rom ic  acid , 
concentrated n itric  acid , am m onium  citrate , pentasodium  triphosphate or 
am m onium  biflu oride .
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5. SUMMARY OF PRODUCTION METHODS

Cobalt-58 is generally prepared by the (n, p) reaction on nickel-58. The 
n ickel target must be perfectly  pure in order to avoid secondary nuclear re 
actions such as 59Co(n, 7 ) 60Co. (It can be purified before irradiation by pass
ing it through anion resin  to separate any cobalt-59  which may be present. )

The c o b a lt -58 fo rm ed  can be separated  fr o m  the ta rget in tw o w ays:

By ion -exch an ge on anion resin  [25-2 9 ]. The irrad iated  NiO target 
is  d isso lved  in 12 N h yd roch loric  acid o r  in aqua reg ia ; in the latter case , 
the nitric acid is eliminated and one finishes in 12 N hydrochloric acid. This 
solution is  passed through a Dowex 1X8 anion resin  (previously treated with
12 N h y d roch lo r ic  acid ). The coba lt-58  is  fixed, but not the n ickel. The 
c o b a lt -58 is  eluted with 4 N h y d roch loric  acid .

By solvent extraction [30, 31] .  Extraction is  perform ed using tributyl- 
phosphate starting with a solution of ch lo r id es . T o prep are  c a r r ie r - f r e e  
coba lt-58 , how ever, it is  n ecessa ry  to purify  quantities o f n ick el sev era l 
tim es greater than the quantity of cobalt. In view of this, a single extraction 
under static conditions is not enough. To increase the separation efficiency, 
the sem i-cou n tercu rren t method must be used. Levin, Golutvina, and 
T ikhom inova, [31] show the layout of the ex traction  apparatus em ployed .
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PROCEDURES

CENTRE D 'ETU DES NUCLEAIRES DE SAC LAY , FRAN CE

1. GENERAL

C obalt-58 .is  obtained by the reaction  58Ni(n, p )58Co. At the same tim e 
radioactive nickel is  form ed  by the reaction  62Ni(n, y )63Ni.

C a rrier -free  58Co is  separated from  a nickel target by passing chlorides 
in a h y d roch lo r ic  solu tion  over an anion re s in  which reta ins the cobalt in 
the fo rm  of a com plex  [ 1 ] .

The equivalent n ick el com plex  does not fo rm  under th ese  con d itions. 
N ick e l-63  is  re co v e re d  f r ee  of 58Co.

2. E XPE R IM E N TA L PROCEDURE 

Irradiation

T arget: 25 g o f the n ickel oxide is  purified  by passage ov er  an anion
resin ; this elim inates the cobalt and iron which, under irradia
tion, would yield unwanted radioisotopes.

Irradiation: In a fast neutron flux of about 2X10 12 n /c m 2 s fo r  six months. 
Y ield : 100 mCi.

Chem ical treatm ent

Preparation

The flow sheet fo r  the preparation of 58Co is  shown in F ig. 1 and the ap
paratus used is  shown in F ig . 2. The 25 g of irradiated  n ickel oxide are
d isso lved  in 250 m l o f aqua regia , which is  introduced in stages.

The preparation  is  heated until com plete d issolution .
The n itric acid is evaporated off, concentrated hydrochloric acid (50m l) 

being added from  tim e to tim e.
F ifty m illilitres  of concentrated hydroch loric  acid are added at the end 

o f the operation.
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FIG. 1. 5!Co flowsheet
1. Dissolution flask
2. Resin columns
3. Measuring bottle
4. Ni evaporator
5. Co intermediate vessel
6. Co evaporator
7. Ni final vessel
8. Co final vessel

'.'la

FIG.2. Apparatus for the production of 5eCo
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The solution is  then passed over Dowex 1 X 8 anion resin .
This fixes the 58Co and any iron  which may have been introduced as an 

im purity in the reagents (h ydroch loric acid, n itric acid).
The n ickel is not fixed.
One passage over the res in  colum n is  usually not enough to retain  a ll 

the 58Co.
By collecting  the products passing out of the resin  columns in an inter

mediate v esse l and placing it over an ionization cham ber, the y  activity 
present can be measured and the amount o f 58Co remaining in the nickel solu
tion thus determined.

F rom  the interm ediate v esse l, the solutions can either be returned to 
the d issolution  apparatus to concentrate the n ickel solutions contam inated 
with 58co, or placed in an evaporator to concentrate the pure 68Ni solutions.

The 58Co is diluted by 4 N hydroch loric acid (200 m l per colum n). This 
solution is passed into a 58Co concentrator.

The resin  colum ns are washed with doubly distilled water.

Apparatus

The nickel oxide is dissolved in a 1-litre flask placed in an e lectric heat
ing jacket. The flask  is  surmounted by two m ale ground-glass ba ll-jo in ts , 
one of which is capped with a condenser, and the other with a lead-lined plug 
fo r  introducing the irradiated substances.

The resin  colum ns are fitted with a siphon to prevent drying out of the 
resin . They are surmounted by a flask  which acts as a re se rv o ir .

The solutions are evaporated in a cy lin d rica l recep ta cle  filled  with a 
condenser.

Lastly, there is an interm ediate v esse l to re cov er  the n ickel solutions 
after they have passed over the resins. It is placed over an ionization cham
b er  to m easure the residual y -activ ity  of the solution and is  protected  by a 
shield of lead b r ick s .

3. ASSAY AND QUALITY CONTROL

The 58Co activ ity  of two 1 -m l sam ples is  m easured with an ionization 
cham ber.

The percentage of 60Co is  measured by counting the 1 . 7 - 1 .  33 MeV lines 
in a gam m a-spectrom eter.

Finally the quantity of ca rr ie r  cobalt in the solution is  determined.

4. CHARACTERISTICS OF THE FINAL SOLUTION

R eference: 58Co -  S

A ca rr ie r -fre e  cobalt chloride hydrochloric solution containing le'ss than 
5% 80Co.

Specific activity: > 10 000 C i/g .
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CENTRAL INSTITUTE FOR PHYSICS, BUDAPEST, HUNGARY

1. GENERAL

P rod u ction  is  based  on the fast neutron-induced  rea ction  on a n ick el 
target; 58Ni(n, p )5S Co. To enhance the (n, p) p rocess  and decrease the effect 
of (n, 7 ) reactions, the target is  covered  with cadmium shielding. A fter i r 
radiation separation is  carried  out with the aid of ion exchange.

2. EXPERIM ENTAL PROCEDURE 

Irradiation

Target: N ickel oxide, M erck (analytical grade).

C hem ical trea tm en t

A fter irrad iation  the target is  d issolved  in concentrated h yd roch loric  
acid  and the solution is  fed  onto a colum n, fi lle d  with Dow ex res in . The 
p rim a ry  eluate contains the n ickel activity . The elution o f 58Co fro m  the 
res in  is  made by h y d roch loric  acid  as eluting agent.

3. ASSAY AND QUALITY CONTROL

R adiochem ical purity is  controlled  with the aid of a multichannel pulse 
height analyser. The pH is  determ ined in the usual manner.

4. CHARACTERISTICS OF THE FINAL SOLUTION

R adioactive purity: concentration of 60Co <0.5%. 
S pecific activity : 2 .2  m C i/g .

Flux:
T im e of irradiation: 
C ontainer:

Amount, depending on the request. 
2 X 1013 n /cm 2 s (th).
80 h.
Quartz am poule with ground stopper, w rapped in 
cadm ium  fo il.
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ATOMIC ENERGY ESTABLISHMENT TROM BAY, BOMBAY, INDIA

1. GENERAL

C a r r ie r -fr e e  coba lt-58  is  produced by the irradiation  of n ickel. The 
a ctiv itie s -p rod u ced  a re : 58Ni(n, Y)59Ni, 58Ni(n, p)58 Co, 62Ni(n, Y)63jsri and 
64Ni(n, ,y)65Ni. N ickel-59 is  form ed in very  sm all amounts, while the short
lived 65Ni decays rapidly.

The irrad iated  n ick e l is  f ir s t  con verted  to ch loride  and this ch loride  
solution in 9 M HC1 is  passed  down an anion exchange colum n. C obalt-58  
activ ity  is  retained while n ickel p a sses  down. T h e 5SCo is  eluted out with 
5 M HC1.

2. E XPERIM EN TAL PROCEDURE 

Irradiation

Target: 10 g of spec-pu re  n ickel m etal (cobalt content less  than
1 ppm).

Irradiation period : 6 months to 1 y r .

Chem ical treatm ent

The irradiated  n ickel is  d issolved  in n itric and h ydroch loric  acids and 
the ch loride  is  taken up in 9 M HC1. The- solution  is  passed  down a 50 cm  
X I cm 2 colum n of D ow ex-1 (ch loride  fo rm , washed with 9 M HC1), w here 
the 59Co activ ity  is  retained and the n ickel p a sses  down. The colum n is  
washed fr e e  of a ll n ickel with 9 M HC1 and the 58Co is  eluted out with 5 M 
HC1. The eluate is  concentrated  and is  fu rther purified  by p assin g  down 
a second 30 cm  X I cm 2 anion exchange colum n. Finally the 58 Co in hydro
ch loric  acid  solution is  concentrated, the organic im purities are destroyed 
by n itric acid and the 58 Co activity is  taken up in 0. 1 M HC1.

3. ASSAY AND QUALITY CONTROL

The rad ioactive  concentration  is  determ ined either by ion  current 
m easurem ent in an ion ization  cham ber o r  by gamma scin tilla tion  counting 
using a w ell-type  sodium  iodide crysta l.

The acidity of the stock solution is  determined by titration against 0.1 N 
NaOH solution.

The total solid content is determined by evaporating a known volume and 
weighing the residue.

The radionuclide is  identified by the 0. 81 MeV photo-peak.
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4. CHARACTERISTICS OF THE FINAL SOLUTION

Specific activity: 
Chem ical form : 
A cidity: 
Concentration: 
R adiochem ical and 
Radioactive purity: 
Percentage of 60Co:

C a rr ie r -free .
Cobalt chloride in dilute hydrochloric acid.
0. 1 M HC1.
1 - 5  m C i/m l.

G reater than 99%.
< 1%.

JAPAN ATOMIC ENERGY RESEARCH INSTITUTE, 
TOKAI, IBARAKI, JAPAN

1. GENERAL

The production process  of 58Co is based on the irradiation of nickel oxide 
target, and the adsorption  o f 58Co on the anion exchange resin  in the fo rm  
of ch loride com plex [1] .  The elution of cobalt is  ca rried  out with 4 N HC1.

2. EXPERIM ENTAL PROCEDURE 

Irradiation

Target m aterial: 20 g nickel oxide (NiO) purified from  nickel chloride
(JISGR) by anion exchange resin ; p ra ctica lly  fre e  
o f cobalt.

Container: T arget is  wrapped with aluminium fo il and placed
in the aluminium capsule.

Flux in JR R -I F ast: 1. 5 X 1 0 12 n /c m 2 s .
Flux in JR R -I Therm al: 1 . 3 X 1 0 12 n /c m 2 s.

Chem ical treatm ent

D issolve the irradiated target in hydrochloric acid at the concentration of 9 N. 
Pass through the anion exchange resin.
Wash the column with 9 N HC1.
Elute 58Co with 4 N HC1.

3. ASSAY AND QUALITY CONTROL

The ra d ioch em ica l analysis and assay  are  ca rr ie d  out by gam m a
sp ectrom etry .
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4. CHARACTERISTICS OF THE FIN A L SOLUTION

C hem ical fo rm : C0C I2 in HC1 solution ; acid ity  is  ~  1 N.
R adioch em ica l purity: > 99%.
S p ecific  activ ity : C a r r ie r - fr e e .

R E F E R E N C E

[1 ] SHIKATA, C. , SHIKATA, E. , SHIBATA, N. , Research o f  radioisotope production with fast neutrons; 
preparation o f  carrier-free Co5B, J. Atom ic Energy Soc. , Japan 4 (1962) 105.

JUNTA DE ENERGIA NUCLEAR, MADRID, SPAIN

1. GENERAL

The production p rocess  is  based on the irradiation of nickel oxide target 
and the adsorption  o f cobalt ch loride  com plex  on an anion exchange resin . 
The elution of 58Co fro m  the res in  is  made with w ater [1] .

2. EXPERIM ENTAL PROCEDURE 

Irradiation

T arget m a ter ia l: 10 g n ick e l oxide (N i20  3) o f an a ly tica l grade quality . 
C ontainer: A lum in ium  con ta in er, 8 X 1 0  m m  diam .
Flux: 4 X 1 0 12 n /c m 2 s, next to the surface of the adjoining fuel

elem ents (JEN-1).
Irradiation  tim e: F ive  w eeks, equivalent to 236 h o f continuous operation 

at 1 MW.
Approximate yield is 12 mCi 58Co with the specific activity 
of 1 C i/m g  Co.

Chem ical treatm ent 

Separation method

One week after it has been rem oved from  the reactor, the target is put 
into solution with concentrated HC1. Evaporate the solution almost to dryness, 
and redissolve the residue in 50 ml of 7 N HC1.

P ass the solution through a D ow ex-2 -X 8  100-200 m esh anion exchange 
resin  colum n in ch loride fo rm  equilibrated with 7 N HC1 (125 g dry resin ). 
P e rco la te  the solution  through the colum n at a rate o f 0. 5 m l/m in .

P ass 250 m l of 7 N HC1 and co lle c t  the effluent. N ickel is  re cov ered  
fr o m  the effluent, r e -o x id iz e d , and again  u sed  fo r  the ir ra d ia tio n .
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Continue the elution with water. A total of 150 ml of the effluent is co l
lected, then evaporated down to a few m illilitres.

Apparatus

Cobalt-58 production is  not perform ed regularly. T herefore  no special 
apparatus has been provided.

3. ASSAY AND QUALITY CONTROL1

D eterm ination o f ch em ica l purity is  made by em iss ion  sp ectrom etry . 
R adioactive purity is  determ ined by gamma sp ectrom etry .
A ctiv ity  m easurem ents a re  made by ion ization  cham ber.

4. CHARACTERISTICS OF THE FINAL SOLUTION

58 Co, cobalt ch loride  solution, non in jectable

A c a r r ie r - fr e e  cobalt ch loride  solution in HC1.
Chem ical purity: Magnesium and iron in concentrations of less  than 1 ppm

are the only im purities which are occasionally  detected. 
The cobalt content lies  outside the sensitivity range of 
the method (0. 5 ppm).

R adioactive purity: 58 Co content > 99. 5%; no 60Co is  detected (60 Co < 1%). 
Specific activity: > 1 C i/m g  Co.

R E F E R E N C E

[1 ] ANGOSO, M. , Preparacifin de cobalto-58, Report JEN-DQ-Qr 0404/1-4.

THE RADIOCHEMICAL CENTRE,
AMERSHAM, BU CK S., UNITED KINGDOM

1. GENERAL

N ickel m etal is  irrad iated  in a fast neutron flux, 58Ni(n, p )58 Co. The 
processin g  is intended to separate ca rr ie r -fre e  cobalt-58 as cobalt chloride.

1 For details, see the Section on phosphorus-32 provided by the Junta de Energfa Nuclear, Madrid ,
Spain.
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2. EXPERIMENTAL PROCEDURE

Irradiation

Target:
Amount:
Irradiation tim e: 
Container:
F lux:
Side rea ction s :

Johnson Matthey spec-pure nickel rods

2 - 3  months. 
Aluminium tube.

3 g-

1 0 13 n / c m 2 s.
62Ni(n, T)63Ni
59Co (im purity) n, y  60Co

C hem ica l trea tm en t

The n ickel rod  is  d isso lved  in 9 N h yd roch loric  acid . The solution is 
passed down a colum n of anion exchange resin  in the ch loride fo rm  and 
saturated with 9 N HC1. The column is  washed repeatedly with 9 N HC1 until 
free  of nickel. C a rr ie r -free  cobalt is eluted with 4 N HC1. The latter solu
tion may still contain som e n ickel in which case  the separation in 9 N HC1 
is  repeated.

3. ASSAY AND QUALITY CONTROL

Identification  by 7 -sp e c tro m e try ; assay by scin tilla tion  counting against a 
137Cs re fe ren ce .
Cobalt elem ent by em ission  sp ectrom etry .
Cobalt-60 by coincidence counting (0. 1% at the start of shelf life of new stock).

1. GENERAL

C obalt-58  is  produced  by (n, p) transm utation in a n ickel target, 
58Ni(n, p )58Co. About 5% 60Co is also made by an (n, 7 ) reaction. In process
ing, the target is  con verted  to  ch loride  fo r m  and pu rified  fr o m  Ni by ion 
exchange. A fter organic residues are rem oved with HNO3, 58C oC l2 is p re 
pared as product.

2. EXPERIMENTAL PROCEDURE 
Irradiation

Target: 1 g nickel metal.
Neutron flux: 2X1014 n /c m 2 S-

OAK RIDGE NATIONAL LABORATORY, 
TE N N ., UNITED STATES OF AMERICA
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Irradiation tim e: 1 yr. 
R eactor yield : 400 m Ci.

Chem ical treatm ent 

Apparatus

A hot o ff -g a s  scru b b er  unit1 and 7 0 -m l ion  exchange colum n (F ig . 'l )  
a re  used in the ch em ica l p ro ce ss in g  o f 58C o. , ' <

P r o c e s s in g  

Y ie ld : > 95%.
The irradiated target is  washed into an evaporation dish with 12 M HC1, 

and heated under the hot o ff-g a s  scru bber assem bly  to d isso lve  NiO. The 
resulting N iCl2»6 H20 crysta ls are d issolved in 12 M HC1. (Approxim ately 
100 ml of 12 M HC1 are used per gram of nickel; heat is used if necessary to 
produce a c lea r  solution .) The N iCl2 solution is  evaporated to dryness and 
fumed with 12 M HC1. C are is  taken to avoid converting ch loride to oxide. 
A Dow ex-1 resin  colum n is prepared fo r  58Co separation with 100-m esh 
resin, conditioned with 12 M HC1. Resin volume is ~ 7 0  m l/g  nickel in solu
tion. The solution is  passed through the resin  column, and the column rinsed 
with three column volumes to elute the nickel com pletely. Cobalt-58 remains 
on the colum n. The ion exchange colum n is  then eluted with d istilled  H2O 
and the effluent checked fo r  58Co activity to determ ine the e ffic ien cy  of r e 
moval from  the column. The effluent is collected  in a beaker and evaporated 
to near dryness under the hot o ff-g a s  scru bber assem bly . The residue is 
form ed with 16 M HNO3 to destroy the organic compound and then with 12 M

1 See Fig. 2 in the section on 82Br provided by the Oak Ridge National Laboratory, Tenn. , United 
States o f  Am erica.

VENT HOLE

FIG .l. Ion exchange column with head vessel
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HC1 to rem ove n itric acid . The resulting compound is  dissolved in 50 m l of 
1 M HC1.

3. ASSAY AND QUALITY CONTROL

A sam ple is  analysed fo r  m olarity of HC1, 58Co concentration, radio
ch em ica l purity, and total solids accord in g  to ORNL M aster Analytical 
Manual (TID -7015), p rocedure No. 9 0733601.

The p recis ion  and accu racy  of the 58Co assay are :
Routine a ssay  by ion ization  cham ber and w e ll-ty p e  scin tilla tion  cou nter. 
Estimated lim it of e rro r  in disintegration-rate concentration of routine ship
ment, 10%.
P recision , 2%.

■4. CHARACTERISTICS OF THE FINAL SOLUTION

P rocessed , c a r r ie r - fr e e  58Co is  delivered in the form  of C0CI2 in HC1 
solution as a stock item . Other specifications of interest are:
Acidity: 1 N ±  50%.
Concentration: > 1 m C i/m l.
Total solids: < 1 0  m g/m C i.
R adiochem ical purity: > 98%, exclusive of 60 Co.
6°Co: < 5%.
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COPPER-64

NUCLEAR DATA

1. NUCLEAR PROPERTIES

1.1 . H alf-life  

12 . 8 h

1. 2. Type o f decay and en ergy  (M eV)

beta(/3 ‘ ) 0.573 (38%) gamma from  |3 + 0. 51 (annihilation)
beta {13*) 0.656 (19%) gamma from  EC 1.34 (0.6%)
EC (43%)

1. 3. D ecay schem e
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2. NUCLEAR REACTIONS AND PRODUCTION

Reaction

Isotopic 
abundance o f  

the nuclide
C#>)

Cross-
section
(barn)

A ctiv ity o f  elem ent 
at 1012 n /cm 2 s 

(m C i/g )

1 h 24 h sat.

Secondary reactions 
and h a lf-life  of, 
nuclide formed

63C u (n ,y )MCu 69. 09 4. 3 (th) 4 0 .5  555 764 65C u (n ,y )66Cu

(T  = 5 .1  min) 
isot. abund.: 30. 9*7o 
a = 2 .2  barn

MZn(n,p)HCii 48. 89 0. 035 (f) 2 .3  3 1 .2  43 “ Z n fn .y ^ Z n

(T  =245 d)
isot. abund.: 48. 9°/o
o  = 0 .4 4  bam

68Z n (n ,y )69mZn , 69Zn 
(T  = 13. 9 h , 55 min) 
o  = 97 m illibarn, 1.0 barn

For nuclear data see Refs. [ 1 - 5 ] .
(th) = thermal neutrons.
( f) = fission spectrum neutrons.

3. APPLICATIONS

C opper-64 is the m ost extensively used and is  the only practical radio
isotope of copper. Its relatively  short h a lf-life  presents som e lim itations. 
The lon ger-lived  67Cu (T| = 58h) is  difficult to produce, requiring a cyclotron 
fo r  the 67Zn(d, 2p)B7Cu reaction.

3. 1. C hem istry

Determination of diffusion coefficients [6]
Hot atom chem istry studies [7-12]

3. 2. B ioch em istry  and biology

E nzym ological studies [13]
H aem atological studies [14]
M icrodeterm ination of proteins [15]
Study of blood serum  proteins [16, 17]

3 .3 . M edicine

Study of the W ilson 's  d isease [18]
Diagnosis and therapy [19-21]
Experimental trop ica l medicine [22]
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3. 4. Hydro-metallurgy

Study of m inerals [23, 24]
Investigation of flotation p rocesses  [25]

3 .5 . Food  industry [26]

4. RADIOLOGICAL PROTECTION

4. 1. E xternal irradiation

C opper-64  is  an em itter o f m ixed radiation . The d o se -ra te  o f 1 m Ci 
activity at 1 cm  is  1. 19 R /h  [27 ]. A ctiv ities up to 50 m Ci (m aximum per
m iss ib le  dose : 16 m R /6-h  w orking day) can be sa fe ly  handled, using a 
20-m m -th ick  lead shield.

4. 2. In ternal radiation

Copper-64 is classified  [28] as a class 3 (moderate toxicity) isotope and 
has an e ffective  h a lf-life  of 0. 53 d [2 9 ]. C ritica l organs: spleen, ga stro - 
in testines. Maxim um p erm iss ib le  amount in*whole body, 10 piCi. 

M axim um  p erm iss ib le  concentration , ju C i/cm 3 [30].:

In w ater In a ir

Soluble 0 .01  2X10-6

Insoluble 6X 10 '3  10‘ 6

4 .3 . D econtam ination

Contamination from  64Cu (II) compounds can be satisfactorily  rem oved 
by am m onia-w ater solution in which the copper ions com bine to form  com 
plexes which are easier  to rem ove from  su rfaces.

5. SUMMARY OF PRODUCTION METHODS

The production p rocess  is generally based on the reaction 63Cu(n, y)64Cu. 
A fter irradiation , S zilard-C halm ers enrichm ent of 64Cu may be em ployed. 
If a c a r r ie r - fr e e  preparation  is  d esired , the 64Zn(n, p)64Cu reaction  must 
be used. The production p rocesses can be classified according to the nuclear 
reaction employed.

5. 1. Chemical p r o c e s s e s  using the (n, y) reaction

5 .1 .1 . Targets fo r  production without enrichment

The target m aterial is  usually Cu metal or CuO, and the product is pre
pared by dissolution of the irradiated target, e. g. in nitric acid.
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5. 1. 2. Concentration of 64Cu by the Szilard-Chalm ers method

P ro ce s s e s  reported  to date d iffer, depending on the chem ical form  of 
the target used.

F rom  a solution of irradiated cop p er-8~hydroxy-quinoline in an organic 
solvent only about 10% of the 64Cu can be recov ered  by aqueous solvent 
extraction  [311 .•

A fter irradiating a solution of copper salicyl-aldehyde o-phenylendicinin 
in pyridine, 80% of the 64Cu can be separated in the form  of copper sulphide 
with an enrichment factor of about 104 [7J.

F rom  irradiated dissolved copper phthalocyanine dissolved in concentrated 
sulphuric acid, phthalocyanine precipitates upon dilution, while 64Cu is re 
tained by the solution [8] . A fter irradiating Cu-phthalocyanine powder, the 
64Cu can be extracted in boiling dilute H2SO4 [9 -11 ]. The method, combined 
with ion exchange separation,yields specific activities up to 50 m C i/m g [12]. 
An e lectro ly tic  purification procedure fo r  the concentration of S4^ u with an 
enrichment factor of 500-1000 and with elimination of organic radiolytic de
com position  products has also been proposed [32].

5 .2 . Chem ical p r o c e s s e s  using the 64Zn(n, p )64Cu reaction
«

The most commonly used method is to irradiate Zn metal (less frequent
ly ZnC l2) and to dissolve the metal in m ineral acid. Copper-64 is then 
separated from  the solution by precipitation, electrochem ical, ion exchange 
or extraction techniques.

5. 2. 1. Co-precipitation

By the dissolution of irradiated Zn powder, e. g . , in hydrochloric acid, 
and the addition of a sm all amount of c a r r ie r , copper can be precipitated  
in the fo rm  of CuS [33 ].

C opper-64 can be a lso co-precip itated  from  the aqueous solution of 
ZnSC>4 with fresh ly  prepared  B i2S 3. The precip ita te  is  then d isso lved  in 
HNO3 and the bism uth c a r r ie r  can be separated in NH4(OH) [34] .

If the irradiated Zn is not dissolved wholly in concentrated hydrochloric 
acid solution, the copper isotope is retained alm ost to 100% and the undis
solved filtered  residue y ields a solution with higher Cu concentration [35].

5 .2 .2 . E lectroch em ica l separation

Cu is  deposited on m eta llic  surfaces of zinc or lead plates [33, 36] or 
h ydrogen-saturated  Pt fo i ls  [35] im m ersed  in the solution containing the 
copper isotope. The copper isotope can be separated from  the d issolved 
target m aterial by electrolytic deposition on cathodes made of various metals 
(e .g . Cu, Mo, Pt, W, e t c . ) [35-38].

The lengthy procedure of the e lectro ly tic  separation can be shortened, 
its e ffic ien cy  im proved  and a single step separation  of the copper isotope 
from  concentrated zinc salt solution is made possible by the use of a special 
e lectro ly ser  [39]. The essential feature of the device is  the large surface
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cathode consisting of sm all Pt wire rings introduced into a glass tube sim ilar 
in design to a chrom atographic column. The solution flowing downwards in 
the colum n and gradually decreasin g  in Cu concentration continuously en
counters fresh  e lectrode  su rfaces.

5. 2. 3. Solvent extraction  and ion-exchange

Copper isotope can be extracted from  aqueous zinc chloride-hydrochloric 
acid solution with a carbon tetrachloride solution of dithizone [40] . Copper 
can be separated from  zinc by adsorption on a cation exchange resin  from  
a solution containing ch loride  ions (e . g. in the fo rm  o f h y d roch lor ic  acid  
o r  lithium  ch loride ) [41, 4 2 ].

6 . RADIOASSAY

The activity of the prepared samples is usually measured in an ionization 
chamber and radiochem ical purity can be checked by 7 -spectrom etry (Part I, 
Section 6).
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PROCEDURES

CENTRE D'ETUDES NUCLEAIRES DE SACLAY, FRANCE

1. GENERAL

Copper-64 is prepared from  a copper phthalocyanine target, 63Cu(n,y)M Cu. 
The 64Cu, enrichedby the Szilard-C halm ers effect, is  separated by dissolving 
the phthalocyanine in concentrated sulphuric acid, reprecipitating with water 
and then filtering [ 1, 2] .

2. EXPERIMENTAL PROCEDURE 

Irradiation

Copper phthalocyanine, purified by dissolution in 
sulphuric acid, reprecipitation with water and then 
washing with distilled water to eliminate free copper. 
5 g at a flux of 2X1012 n /cm 2 s for 1 week in El 2, 
or 1 g for  72 h at a flux of 1013 n /cm 2 s in EL 3.
In this way, 50 mCi of 64Cu are obtained 30 h after 
unloading with a specific activity of about 50 m Ci/m g.

Chemical treatm ent 

Preparation

The irrad iated  cop p er phthalocyanine is  poured onto the fritted  plate 
o f a fi lte r  apparatus. T o bring  the phthalocyanine into solution 12 m l o f 
concentrated sulphuric acid  are then added, pressu re  being raised slightly 
above a tm ospheric by the application  of com p ressed  a ir  below  the fritted  
plate. The phthalocyanine is  then reprecip itated  by the addition o f water. 
The solution is  filtered  and passed into a dilution vessel, where it 'is  diluted 
with 1 litre  o f w ater b e fo re  being passed  ov er  a Dowex 50 (X 8 120 m esh) 
resin  column. The Cu++ is  fixed on the resin  and the sulphuric acid solution 
is  discharged.

The Cu is  washed with 100 ml of water and then eluted with a 4 N solution 
of h yd roch loric  acid  which is  co llected  in an evaporator. It is  evaporated 
down to about 1 m l and made up with 20 m l of water..

Target:

Irradiation conditions:
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Apparatus

Solution, precip itation  and filtration  of the phthalocyanine are carried  
out in the sam e filtra tion  apparatus. The flow sh eet is  shown in F ig . 1.

This is  a cy lindrica l apparatus closed  at the top' by a male joint capped 
by a fem ale joint, weighted with lead.

At each side are two inlets fo r  reagents.
About half way along a fritted glass is welded in. Above the fritted glass, 

in the sides of the v esse l, are two lateral ports fo r  pressurizing or evacuating,
i. e. enabling either bubbling or filtration to be carried  out.

Dilution is carried  out in a cylindrical vessel of 1500 ml capacity placed 
in a m agnetic agitator. The solution is  then passed over a colum n 16 mm 
in diam eter, terminated by a capillary tube siphon to prevent the desiccation 
of the resin  and surmounted by a 500-ml capacity reservoir .

The solution is collected in an evaporator with a heating jacket containing 
cyclohexanol.

3. ASSAY AND QUALITY CONTROL

Two 1-m l sam ples are counted in an ionization chamber, and subjected 
to a gamma spectrom etry test for  radiochem ical purity and to a test for de
term ination of the ca rr ie r  copper.

F inally, b io log ica l tests  are applied to establish  the non-toxicity  and 
sterility  o f the product.

4. CHARACTERISTICS OF THE FINAL SOLUTION

R eferen ce : 64Cu S -  Injectable

An aqueous, isotonic, pyrogen -free  solution of copper ch loride, pH 5, 
m eeting the follow ing specifications:
Radioactive concentration, m easured to within 5%: 0. 5 -  5 m C i/m l 
Radioactive purity: 64Cu content > 99. 9%

0  =

FIG. 1. 64Cu flowsheet
1. Precipitation and filtration bottle
2 . Dilution bottle
3. Resin column
4. Evaporator
5. Distribution bottle

2
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Specific activity: : Above 20 m C i/m g  
Sterile
P yrogen -free
Isotonic

R E F E R E N C E S
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[2 ] PAYNE, B. R. , SCARGILL, P ., COOK, G. B. , Radioisotopes in Scientific Research, Proc. UNESCO Conf., 

Paris (1957) Extermann 2 (1958) 154-67. .

HUNGARIAN INSTITUTE OF ISOTOPES, 
NATIONAL ATOMIC ENERGY COMMISSION, 

BUDAPEST, HUNGARY

1. GENERAL '

P roduction of 64Cu is  based on fast neutron-induced reaction on a zinc 
target. To decrease the thermal neutron flux which causes the (n, 7 ) reaction 
of the zinc target, the target is  wrapped with a cadmium foil. The separation 
of ca rr ie r -fre e  64Cu, which is present in relatively large amounts, is carried 
out by an electrolytic p rocess.

2. EXPERIMENTAL PROCEDURE 

Irradiation

Target: Z inc oxide, M erck (analytical grade), amount of target
depending on the request.

Flux: 2X1013 n /cm 2 s (th).
T im e of irradiation: 24 h.
Container: Quartz am poule with ground stopper wrapped in a

cadm ium  fo il. - '

C hem ical trea tm ent

The irradiated zinc oxide is  d issolved in sulphuric acid, the pH of the 
solution  being str ic tly  adjusted a fterw ards. The d ev ice  fo r  ca rry in g  out 
e lectro ly tic  separation of c a r r ie r - fr e e  64Qu from  irradiated  zinc consists 
of a column filled with platinum (Fig. 1). B efore e lectro lysis , hydrochloric 
acid is  fed into the column and polarized  for a period of 5 min.

After washing through the column with nitric acid and zinc sulphate solu
tion, the active zinc sulphate is  continuously fed, and the e lectro ly tic  s e -
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F IG .l. Apparatus for e lectro lytica l deposition o f carrier-free samples
a . Pt-packing coupled as cathode
b . Pt-anode

paration  is  begun by adjustm ent o f potential. A fter having fed  the active 
solution, hydrochloric acid is added, the flow of inlet and outlet is shut down, 
the poles are interchanged and the current is  adjusted to the value needed. 
F ive minutes later the stopcock  at the bottom  is  opened and the solution is  
allowed to flow out. The solution collected  in such a manner contains about 
90% of the 64Cu produced, p ractica lly  without contamination. The solution 
is  evaporated to dryness, then the desired  solution is  prepared  by adding 
the corresponding  acid.

3. ASSAY AND QUALITY CONTROL

The pH is  determ ined from  aliquot sam ples; rad ioch em ica l purity is  
checked by a m ultichannel pulse height analyser. In the ca s e 'o f  products 
fo r  m edica l use pharm aceutical con tro l is  ca rried  out regarding sterility .

4. CHARACTERISTICS OF THE FINAL SOLUTION

R adioactive concentration : 
R adioactive purity: 
S pecific  activity :

C opper ch loride, 
> 99. 5%.
C a rr ie r  free .

0. 1 m C i/m l.

64Cu produced  by 63Cu(n, -y)64Cu reaction

R adioch em ica l purity: 
S p ecific  activ ity :

C hem ical form : 
C opper ch loride : . 
Copper sulphate:

> 99%.
~  390 m C i/g  fo r  CUSO4 , ~ 4 7 0  m C i /g f o r  CUCI2, 
~  1000 m C i/g  fo r  Cu.
C opper m etal.
G reen ish -b lu e  transparent 0. I N  solution. 
G reen ish -b lu e transparent 0. 1 N solution.

1 7 8
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JAPAN ATOMIC ENERGY RESEARCH INSTITUTE, 
TOKAI, IBARAKJ, JAPAN

1. GENERAL

Production  is  based on the irradiation  of copper m etal shavings. The 
irradiated target is dissolved in hydrochloric acid with subsequent treatment 
fo r  the adjustment of acidity.

2. EXPERIMENTAL PROCEDURE 

Irradiation

Target m aterial: 1. 0 g copper shaving metal (99. 9% purity) for JRR-1.
0. 2 g fo r  JRR-2.

Container: P laced  in a polyethylene bottle , then in a polyethylene
capsule.

Flux: ~  4X 10H  n /c m 2 s (JR R -1 pneum atic tube).
~  2 X 1 0 13 n /c m 2 s (JR R -2 pneum atic tube). 

Irradiation  tim e: 2 h fo r  JR R -1 .
20 m in fo r  JR R -2 .

C hem ical trea tm en t

The irradiated target is dissolved in the concentrated hydrochloric acid 
and hydrogen peroxide, evaporated to dryness, then red issolved  in 1 N HC1. 
The apparatus is  shown in F ig. 1.

©

F IG .l. Apparatus for Cu production
a. Electric polyethylene capsule cutter
b. Dissolving vessel
c . Reagent feed pipes
d. Receiver

©|pO--QiŜ

e. Electric heater
f . Remote pipetter for dispensing
g. Turret of bottles
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Cut the polyethylene inner capsule with e le ctr ic  cutter (a).
P lace the target in the dissolving vesse l (b) with the glass filter bottom, 

then add 2 - 3  m l concentrated HC1 and about 3 drops of 30% H2O2 from  the 
reagent feed pipe (c) to d issolve the target.

T ransfer the d issolved  solution to the re ce iv er  (d).
Repeat.the procedures (b) and (c) until the target is completely dissolved.
Evaporate the solution to dryness by the heater (e).
D issolve the residue by the following reagent:
~  8 ml ~  1 N H C l/g of target (in production with JRR-1).
~  300 ml ~  1 N H C l/g  of target (in production with JRR-2).
D istribute the product solution into the sam ple bottles by the rem ote 

con tro l burette.

3. ASSAY AND QUALITY CONTROL

Routine assay of the product is made by the well-type ionization chamber. 
The amount of ca r r ie r  is  calculated from  the weight of the target. A cidity 
is  determ ined by titration o r  by potentiom etric titration.

4. CHARACTERISTICS OF THE FINAL SOLUTION

C hem ical form : CuCl2 in HC1 solution, acidity ~  1 N.
R adiochem ical purity: > 99%.
Specific activity: ~  8 m C i/g  of Cu (JR R-1 product).

~  130 m C i/g  of Cu (JR R -2 product).
Concentration: ~  1. 0 m C i/m l (JR R-1 product).

~  1. 0 m C i/m l (JRR-2 product).

INSTITUTT FOR ATOMENERGI, KJELLER, NORWAY

1. GENERAL

C opper is  irrad iated  in the fo rm  of cu p ric  oxide, CuO, in a therm al 
neutron flux, 63Cu(n, y )64Cu. After irradiation the oxide is dissolved in hydro
ch loric acid to give a cupric chloride solution.

2. EXPERIMENTAL PROCEDURE 

Irradiation

Target m aterial: 100 mg CuO, spec-pure, Johnson, Matthey & Co.
Tim e of irradiation: 1 d.
Container: Aluminium can with a sealed polyethylene inner container.
Flux: Ab. 1012 n /cm 2 s.
Side reactions: E ffects of side reactions are considered negligible.
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Chemical treatment

The irradiated target m aterial is treated with concentrated hydrochloric 
acid . The resulting ch loride solution is  evaporated to dryness, and the 
residue d issolved  in water.

3. ASSAY AND QUALITY CONTROL

R adioactivity , ionization cham ber m easurem ents. r
Isotop ic purity con trol, ^ -absorp tion  analysis, -y-spectrography.
pH.
C hem ical purity con trol, em ission  spectrography.

4. CHARACTERISTICS OF THE FINAL, SOLUTION

C U -copper ch loride in weak HC1 solution. 
R adioactive concentration : 1 .5 - 2  m C i/m l. 
Isotop ic purity:
Specific activity : 
pH:
Chem ical purity:

99%.
200 m C i/g  Cu.
3 - 4 .
M etals, spectrographically  determ ined (except 
Cu), le s s  than 10 /ug/ml.

THE RADIOCHEMICAL CENTRE, 
AMERSHAM, BUCKS., UNITED KINGDOM

1. GENERAL

Copper in the form  of copper oxide is irradiated in a therm al neutron 
flux. The reaction  is  63Cu(n, ,y)64Cu. The copper oxide is  converted  into 
ch loride o r  other ch em ica l fo rm s  as requ ired .

2. EXPERIM EN TAL PROCEDURE 

Irradiation

Target m ateria l: Johhson Matthey spec-pure CuO. 
Amount: Up to 0. 5 g.
Irradiation  tim e: 2 -  3 d.
Container: S crew -top  aluminium container
Flux: 1012 n /cm 2  s. .
Side rea ction s : Do not in terfere .
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Chemical treatment

The target is  d issolved  in 6 N HC1, the solution evaporated to dryness 
and d issolved  in water.

3. ASSAY AND QUALITY CONTROL

Scintillation count against 131Cs reference. Identity by "/-spectrom etry. 
pH by Capillator.

OAK RIDGE NATIONAL LABORATORY, 
TEN N ., UNITED STATES OF AMERICA

1. GENERAL

C opper-64  is  produced by the (n, 7 ) reaction  in a cop p er m etal target, 
63Cu(n, 7 ) 64C u ,  and is  prepared  as Cu(N0 3)2 in HNO3 solution.

2. EXPERIM EN TAL PROCEDURE 

Irradiation

10 m g copper m etal.
2X1014 n /cm 2  s.
40 h.
850 m C i.

C hejnical trea tm en t

Apparatus

A hot o ff -g a s  scru bber uniti is  used in p rocess in g .

P rocess in g  

Y ie ld : > 95%.
The irradiated copper target is  d issolved in about 3. 5 ml of 16 M HNO3 

under a hot o ff -g a s  scru b b er unit. The volum e of the product is  adjusted 
to 50 m l o f 1 M HNO3 to  fo rm  a c le a r  blue solution.

1 See Fig. 2 in the section on 82Br provided by the Oak Ridge National Laboratory, T en n ., United 
States o f  Am erica.

Target:
Neutron flux: 
Irradiation  tim e: 
R eactor  y ie ld :
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3. ASSAY AND QUALITY CONTROL

Sam ples are analysed fo r  m olarity  of HNO3, total solids, 64Cu con
centration, and radiochem ica l purity accord ing to ORNL M aster Analytical 
Manual (TID -7012), procedure No. 9 0733231.

The precis ion  and accu racy  of the 64Cu assay are:
Calibration by w indow less 2ir proportional counter.
Routine a ssa y  by ion ization  cham ber and w e ll-ty p e  scin tilla tion  counter. 
Estim ated lim it of e r r o r  in d isintegration -rate concentration of routine 
shipment, 5%.
P rec is ion , 2%.

4. CHARACTERISTICS OF THE FINAL SOLUTION

P ro ce sse d , high sp ec ific  activ ity  64Cu is  delivered  in the fo rm  of 
Cu(N03)2 in HNO3 solution as a stock item . Other specifications of interest 
are:
A cid ity : I N  ± 5 0 % .
C oncen tration : > 1 0  m C i/m l.
S p e c ific  a ctiv ity : = 25 000 m C i/g  o f Cu.
R a d ioch em ica l pu rity : > 98%.
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FLUORINE-18

NUCLEAR DATA

1. NUCLEAR, PROPERTIES

A ll nuclear data are taken from  Nuclear Data Sheets, except where later 
values were published, in which case the reference is  given.

1.1. H alf-life [1 ,2 ,4 5 ]

109. 7 min

1.2. Type o f decay and particle energy [3-6]

F luorine-18 decays by positron em ission (97%)

Emax (£+) = 0. 635 ± 0. 015 MeV
0. 649 ± 0. 009

and by electron capture (3%)

E. C. /j3+ = 0. 030 ± 0. 002

1. 3. D ecay schem e

110 m in 18F
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2. NUCLEAR REACTIONS AND PRODUCTIONS

Reaction
Abundance o f  
target nuclide

(%)
Cross-section

S pecific  activity 
produced in target 
m g /g  U 2C 0 3 at 
thermal flux o f 
1013 n /c m 2 s

1 h 6 h sat.

Side reactions Ref.

6L i(n ,a )t  
followed by 
i « 0 ( t ,p ) i8F

7. 42 

9 9 .7 6 '

950 barn

100 mb 
(2.7 MeV triton)

1 .1  3 .3  3 .7
23 N (n ,y )24Na 

T i = 15 h2

[7 ,8 ]

180 (p , n)18 F 0 .20 250 mb [9 ,1 0 ]

19F(n,2n)18F 100 [11]

3. APPLICATIONS

F lu orin e-18  is  the only convenient radioisotope of fluorine fo r  tra ce r  
studies, because of its com paratively long ha lf-life , ~  110 min. Compounds 
labelled  with 18F are useful in b io log ica l and chem ica l system s. A survey 
of applications published in the literature is  given below .

3. 1. B io ch em is try  and b io logy

C hem ica l exchange rea ction s  o f o rga n ic  flu o ro d e r iv a tiv e s  [12 -14 ] 
D istribution  of 18F in va riou s  b io lo g ica l system s [15, 16]

3. 2. M ed icin e

18 F fo r  bra in  tum our lo ca liza tion  
18F in th yroid  p h ysio logy  studies 
U se o f 18F in bone survey 
F lu orin e  in dental studies

[17 -19 ] 
[20, 21] 
[19, 21, 22] 
[23 -25 ]

3. 3. A na lytica l and p h ysica l ch em is try

D eterm ination  of oxygen  in variou s  system s [26, 27]
Quantitative kinetic studies of flu orin e  exchange rea ction s  [28 -30 ] 
M odel fo r  UO2 d iffu sion  p r o c e s s  [31J

3. 4. P lant m eta b o lism

(M etabolic  p ro p e r tie s  o f v a r iou s  m a ter ia ls  [32, 33]
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3. 5. Preparation of labelled compounds [34]

4. RAD IOLOG ICAL PRO TECTIO N

The b rie f sum m ary given below should be read in conjunction with Safe 
Handling of Radioisotopes, Safety Series No. 1, published by the International 
Atom ic Energy Agency.

4. 1. External irradiation

F lu orin e-18 is  practically a pure positron emitter. The maximum range 
of its 0. 65-M eV positron  is  300 m g /c m 2. On annihilation o f the positron  
two gamma rays o f 0. 511 M eV are em itted in opposite d irection s.

One and a half inches of lead for  shielding are required as a protection 
from  annihilation radiation and hard gamma rays of 24Na im purities present 
at the production stage.

4. 2. Internal radiation

F lu orin e-18  is  c la ss ified  as a c la ss  4 (slightly tox ic) isotope. The 
m axim um  p erm iss ib le  concentration  (M PC ) o f 18F in a ir  and in w ater fo r  
occupational exposure is  sum m arized in T able I.

TABLE I

M AXIM U M  PERM ISSIBLE CONCEN TRATION

Maximum permissible concentration

C ritical body organ
Soluble 40-h  week 168-h week

or
Insoluble (MPC)W

|jC i/cm 3

(MPC)a

(jC i/c m 3

(MPC)W 

(JCi/cm  3

(MPC)a

(iC i/cm 3

Gastrointestinal tract 
Sm all intestine

Soluble 0. 02 5x10-6 8 x 1 0 -3 2 x 1 0 -6

Gastrointestinal tract 
Upper large intestine

Insoluble 0. 01 3 x 10-6 5 X 1 0 -3 9 x 1 0 - ’

Precautions should be taken also against tritium  contamination accom 
panying 18F when produced in L i containing compounds.

5. SURVEY OF PRODUCTION METHODS

Fluorine-18 may be produced by several nuclear reactions. The common 
method of production is the sequence of reactions Li(n, t )4He and ieO(t, p)18F,
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which m ay y ield  c a r r ie r - fr e e  18F . The 19F(n, 2n)18F and 19F(-y, n )18F r e 
actions can be utilized fo r  18F production only when copious fluxes of ener
getic neutrons are available.

The production p ro ce sse s  reported  to date can be c la ss ified  accord ing 
to the ch em ica l fo rm  of the ta rgets  and the nature of the p ro ce ss in g  
p roced u res .

5. 1. T a rge ts

5. 1. 1. F lu orin e-con ta in in g  targets  undergo the 19F('y, n) 
and 19F(n, 2n) reaction s

T a rgets  include:
HF, KHF2 or  any other inorgan ic fluorin e  com pound [28, 35] 
F lu oroorgan ic  com pounds, such as T eflon  [43] [34, 42]

5. 1. 2. L ith ium - and oxygen -conta in ing  Substances w hich undergo 
su cce ss iv e ly  L i(n , t )4He and 160 (t , n )i8F rea ction s

Due to the short range o f the triton s, it is  a p rereq u is ite  to have the 
lithium and oxygen intimately mixed as fine powder or in a solution or p re
ferably to have both in one chem ical species. The presence of atoms other 
than 6 L i and leO should be kept as low  as possib le  to avoid attenuation of 
the e ffective flux of tritons. T argets include:

Inorganic lithium salts, such as LiN0 3 , L i2CC>3, LiAlC>2, LiF + A l20 3, 
L i20 , or  LiOH. Lithium carbonate is  advantageous as a target because 
o f its high therm al stability, "high ch em ica l purity and its  good y ie lds 
[35, 3 6 ,4 1 ,4 4 ],

Organic m ateria ls containing both lithium and oxygen, such as lithium 
salts of oxygen-containing acids. Organic compounds may be labelled 
with 18F by r e c o il  even if  they do not include lithium  or  oxygen in the 
m olecule by d issolving them in hydrogen-free lithium salt, such as 
LiCNO [34, 39],

The lithium target is  either natural (7. 5% 6Li) or enriched (>90% ^Li) 
[4 1 ,4 4 ], The reaction  lsO(t, n) i8F being a secondary  reaction  is  m ore 
susceptib le to contam ination. The m ain contam inants are isotopes of Cl, 
Br and Na, which are present as im purities in the lithium compound. Target 
purification  m ay be achieved by m elting and recrysta lliza tion  of so lids  or 
d istillation  of liqu ids, o r  a lternatively, by chrom atographic colum ns, [35, 
3 8 ,4 1 ]. T ritium  activity is  a lso  present due to triton form ation in the 
prim ary reaction.

5. 2. C hem ical p r o c e s s e s

The follow ing is  a b r ie f descrip tion  o f the separation and purification  
p ro ce s s e s  reported  in the literature.
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5. 2. 1. D issolution  o f target

Lithium nitrate or organo-lithium  compounds may be dissolved in water 
[34, 36, 39]. Lithium carbonate targets are dissolved in nitric [36, 38] acid, 
Or in concentrated hydrochloric acid [37, 38, 40, 41] .

5. 2. 2. Separation of fluorine

The separation of fluorine may be class ified  according to the chem ical 
p rocess  involved. These are coprecipitation, chrom atographic adsorption, 
or distillation.

F luorine is  precipitated by the following methods:

5. 2. 2. 1. Precipitation

A precipitate of PbCIF is  obtained from  a solution of KF and lead acetate 
on the addition of concentrated HC1 [36].

F lu orin e  m ay be ca rr ie d  as Ca(OH )2 -CaF2 cop recip ita te , form ed  by 
the addition of ca lcium  hydroxide to the d issolved  target m aterial [36, 38].

A Ca3(PC>4)2 . CaF2 coprecipitate may be form ed by the addition of H 3PO4 
and calcium  carbonate follow ed by neutralization [18, 37].

5. 2. 2. 2. Chrom atographic adsorption

C a rrier-free  18F in acidic solution may be adsorbed on a Woelm alumina 
column conditioned by washing with 0, I N  NaOH and water. Sodium-24 and 
ch loride or brom ide im purities are rem oved in this high selectivity separa
tion. A dsorption is  follow ed by washing with 30 m l H20  containing one drop 
of concentrated hydrochloric acid [41, 40] or by washing with a small volume 
of NaCl follow ed by another washing with water.

The fluorine activity is  eluted either with a NaF solution, or with NaOH 
if  a c a r r ie r - fr e e  solution is  desired . Elution y ie ld s  are 80-90% [3 9 -4 1 ].

F lu or in e -1 8  m ay a lso  be adsorbed  on a m agnesium  oxide adsorption  
column; the 18F is  totally retained in the column by the form ation of magnesium 
fluoride. The m ajor drawback of this procedure is  the difficulty in r e -  
obtaining the fluorine in solution [39] .

5 .2 .2 .3 .  D istillation

The lithium carbonate target is  d issolved in 1 : 1 sulphuric acid and 
ca rr ie r -fre e  18F may be distilled and collected  in a slightly alkaline solution. 
A chem ical yield of 70% is  reported [44].

5. 2. 3. Preparation of final product

(a) PbCIF precipitate is  dissolved in a 25% NaOH solution. Lead is removed 
as the sulphate by precipitation with 10% sulphuric acid. The supernate after 
decantation is made alkaline with aqueous KOH to constitute the final product 
{36 ].
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(b) F luorine-18, coprecipitated as Ca(OH)2CaF2 , is recovered  and purified 
by two methods.

The calcium  hydroxide is  d issolved  in a cetic  acid and separated by 
centrifugation. The calcium  fluoride is  then d issolved  in a strong acid, 
diluted and passed through a suitable ion exchange colum n into a potassium  
hydroxide solution. O vera ll y ie lds of 80 to 85% are reported  [36] .

The Ca(OH)2CaF2 p recip itate is  washed and d issolved  in concentrated 
sulphuric acid; 18F is  ca rried  over a preheated, steam -saturated, nitrogen 

■ gas flow , and adsorbed in 0. 1 N sodium  hydroxide. In this procedure 
7 - 8  m Ci 18F /g  irradiated  target are obtained [38] .

(c) F lu orin e-18 , coprecipitated  with calcium  phosphate, is  purified by the 
follow ing procedu res:

The precipitate is  washed with water and d issolved  in 6 N hydrochloric 
acid. The solution is  diluted, neutralized, and prepared as an isotonic solu
tion, neutralized, to constitute the final product. R adiochem ical purity is 
one part in a hundred thousand [36] .

The precip itate is  d issolved  in 1 : 1 h ydroch loric  acid . A 25% solution 
of potassium  bicarbonate is  added until precipitation begins. The Ca(OH)2CaF2 
precipitate is  centrifuged and washed with water. The final product is p re
pared by redissolving the precipitate in 1 : 1 hydrochloric acid [18].

(d) C a rr ie r -fre e  1SF solutions prepared by alumina adsorption are further 
purified as fo llow s:

Cations are rem oved from  the solution using a cation exchange column 
in acid form . In this procedure som e 18 F is  lost on the column. This may 
be rem oved com pletely by adding sm all amounts of NaF to the alkaline solu
tion before adsorption. This procedure gives ca rr ie r  solutions [39].

The alkaline solution is  d istilled  from  concentrated sulphuric acid and 
collected  in dilute sodium hydroxide. C a rr ie r -fre e  Na18F of 99.99% radio
chem ical purity is  obtained [41].

(e) F lu o r in e -18 adsorbed on m agnesium  oxide is  recovered  by dissolving the 
oxide in an acid. Magnesium ions are rem oved by adsorption on a cationic resin 
[38],

5 .2 .4 . Preparation of labelled compounds

Two general p roced u res fo r  the production  of 18F -la b e lled  compounds 
are com m only used.

(a) Isotopic exchange between ca rr ie r - fr e e  18F and fluorine-containing sub
stances. For example, labelled potassium fluoroborate is  prepared by adding 
KBF4 into a 18F c a r r ie r - fr e e  solution at pH 1, heating fo r  two m inutes to 
100°C, coo lin g  and neutralizing with sodium  bicarbonate to pH 5 [18, 34] .

(b) D irect production of 18F -la b e lled  organic compounds by the leO(t, n )i8F 
o r  19F(n, 2n)18F reactions as mentioned above. The hot fluorin e-18  atom s 
produced substitute hydrogen on carbon. This method may also be used for
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labelling flu oro  derivatives. The labelling yield  of these reactions is  p ro 
portioned to the num ber of hydrogens o r  substituted fluorine available fo r  
the appropriate reactions [34] .

6 . RADIOASSAY

F luorine-18 em its a 0.65-MeV positron which is detected by the associated 
pa ir of annihilation gamma rays of 0. 511 MeV. Counting is  perform ed  by 
any standard method of positron  detection. G eiger-M uller tubes or Nal(Tl) 
3 in. X 3 in. crysta l scintillation counter, connected with a multichannel pulse 
analyser, may be used [28, 35, 4 1 ]. Counting effic ien cies of 5 -  10% were ob
tained by two 2 in. X 2 in. sodium  iodide scintillation  cry sta ls  6 m m  apart, 
in coin ciden ce  with two single-channel analysers [34 ].

F lu orin e-18  may be radioassayed  as solid  PbCIF o r  NaF, as a liquid 
HF or as,a  gas -  HF, F 2 CIF3 , B rF 5, IF7 [28, 35 ],

R adioch em ica l purity is  tested  by gam m a-ray  sp ectroscop y  and h a lf- 
life  m easurem ents. T ritium  contamination is  m easured, using a liquid, 
scintillation  counter [44] .
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PROCEDURES

MINISTRY OF DEFENCE, ATOMIC ENERGY COMMISSION, 
SOREQ RESEARCH ESTABLISHMENT, YAVNE, ISRAEL

A. PRODUCTION AND SEPARATION OF 1SF  AS C aF + ION

1. GENERAL

N uclear reaction : 6 Li(n, a)t follow ed by lsO(t, n )i8F.
Separation of 18F: by dissolving the irradiated L i2C03 target and precipitat

ing Ca2(P o4)3. Precipitate ca rries  C ai8F2 .

2. EXPERIMENTAL PROCEDURE 

Irradiation

Ten gram s of L i2C 0 3 (AR) are sealed into four silica  vials, 9 cm  long 
by 1 cm  diam. (2. 5 g per vial). The v ia ls, conditioned into a polyethylene 
container, are irradiated for 1 h at a thermal neutron flux of 3X 1013 n /cm 2 s. 
A fter irradiation  the sam ples are quickly tran sferred  fo r  p rocess in g  by 
m eans of a lead tra n sfer -con ta in er  (2 in. internal d ia m ., 2 in. thick). 

Other a ctiv ities  = 24Na fro m  im purities in L i 2C03 .

C hem ical trea tm en t

T his is  ca r r ie d  out in an open lead  box  w hich has a w all 2 in. th ick .
(a ) T ra n s fe r  irra d ia ted  am pou les to lead  box.
(b ) W ash am pou les with aceton e.
(c ) Crush am poules. Pour L i 2C 0 3 and silica  fragm ents into dissolution 

flask.
(d) D issolve with 40 m l of 1 : 1 hydrochloric acid.
(e) F ilter. Rinse with water. R eceive filtrate and washings into beaker 

containing 1 m l of 15% phosphoric acid.
( f ) Add 100 mg of calcium  carbonate.
(g) Add 25% potassium bicarbonate solution, dropwise, until precipitation 

begins. Add 2 m ore drops.
(h) T ra n sfer  solution and precipitate to centrifuge tubes. Centrifugate 

fo r  3 m in. (Solution to w aste.)
(i) D isso lve  with a' few  m illilitre s  of 1 : 1 h ydroch loric  acid.
(j) Add 25% potassium  bicarbonate solution to the centrifuge tubes as 

in step (g) above.
(k) Centrifuge, d iscard  solution.
(1) Wash with a few m illilitres  of water. Centrifuge, d iscard  solution, 
(m ) R e -d is so lv e  precip ita te  with 1 : 1 HC1 (total volum e 5 to  10 m l).
(n) T ra n s fe r  to  d e livery  bottle.
The absence of 24]\fa is  checked by 7 -r a y  spectrography.
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B. PREPARATION OF 1SF~LABELLED KBF4

1. GENERAL

F lu orin e-18  is  obtained as in A above. Exchange with KBF4 p roceed s 
quickly under the appropriate conditions.

2. EXPERIM ENTAL PROCEDURE1 

Irradiation: as in A above  

C hem ical treatm ent

P repare 18F as above, steps (a) to (m ).
A djusttopH  1; add 100 mg KBF4. H ea tto l0 0 °C . A fter 1-2 min, coo l quickly. 
Neutralize with sodium bicarbonate to pH 5. 5.
Pass through a column of chrom atographic alumina fo r  quantitative rem oval 
of fluoride ions.

3. ASSAY AND QUALITY CONTROL

Radioactive purity is  tested by 7 -ray  spectrography and by following the decay 
curve.
The fluoride ion content is  tested as fo llow s: Take an aliquot of final solution; 
take to 1 ml volume; add 0. 5 ml of 0. 1 N NaF and 0. 5 ml of 0. 4 N NaCl. Add 
Rb(N03)2 solution. F ilte r . Wash the PbCIF precip itate with 90% ethanol. 
Count.

JAPAN ATOMIC ENERGY RESEARCH INSTITUTE,
TOKAI, IBARAKI, JAPAN

1. GENERAL

The production p rocess  is  based on the method developed by StangU, 2]. 
The irradiated  lithium carbonate target is  d isso lved  in h ydroch loric  acid , 
and the separation of 18F is  made by adsorption  on alumina.

1 This procedure is based on current literature, especially: ASKENASY, H .M . , ANBAR, M. , 
LAOR, Y. , LEWITUS, Z . , KOSARY, I. Z . , GUTTMANN, S. , Radium therapy and nuclear m edicine. 
Am. J. Roentgenology LXXXVIII 2 (Aug. 1962).
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2. EXPERIM ENTAL PROCEDURE

Irradiation

T arget m ateria l: 5 g of lithium  carbonate (L i2C 0 3) (JISRG2).
Container: Sealed in the polyethylene sheet, and placed in the acetyl

ce llu lose  capsule fo r  the pneumatic tube.
Flux: 6X 10 11 n /c m 2 s (JR R-1 pneumatic tube).
Irradiation tim e: 1 or 2 h.
Side reactions: Form ation of tritium .

Chem ical treatm ent

Production  is  based on the adsorption of 18F on alumina with the sub- . 
sequent elution by dilute sodium hydroxide.
The irradiated lithium carbonate target is  d issolved in concentrated hydro
ch loric  acid.
Neutralize the d issolved solution with sodium hydroxide.
The neutralized solution is  passed through the acid alumina column, 0.8 cm 
diam. and 2 . 0 cm  long.
Wash the column with 30 m l water.
Elute 18F adsorbed on the column with 0. I N  NaOH.
Chem ical form s are determ ined by paper chromatography.
F ilter paper: Toyo filter  paper No. 51A.
Reagent: Butanol -  methanol -  water ( 1 :3 :  1).
Method: Ascending method.
T im e: 2 h.
R f value: F " --------0 .58 .

The percentage o f ch em ica l fo rm s other than F" is  determ ined to be 
approxim ately  16% (probably A l - F  com plexes).

3. ASSAY AND QUALITY CONTROL

The follow ing ch em ica l analysis is  ca rr ied  out:
Inactive fluorin e : c o lo r im e tr ic  method by E richrom ecyan ine R;
Lithium : flam e photom etry;
Alum inium : c o lo r im e tr ic  method by 8-hydroxyquinoline.

R adiochem ical im purities are determ ined by gam m a-ray spectrom etry 
and h a lf-life  m easurem ent.

A ssay is  made by gamma spectrom etry.

4. CHARACTERISTICS OF THE FINAL SOLUTION

C hem ical form : N a18F in NaOH solution.
R adiochem ical purity: > 99%.
Specific activity: C arrier-free; approximately 0.1 mCi 18F /g  of L i2C0 3 .

2 Japan Industrial Standard Reagent Grade.
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BROOKHAVEN NATIONAL LABORATORY,
LONG ISLAND, N. Y . , UNITED STATES OF AMERICA*

1. GENERAL

The production o f 18F is  based on the irradiation of lithium carbonate; 
®Li(n, t)4He, ieO(t, n)18F. F lu or in e -18 produced is  separated by the adsorption 
on alumina colum n with the subsequent elution with sodium  hydroxide.

2. EXPERIM ENTAL PROCEDURE 

Irradiation

Target: 10 g of lithium carbonate (unenriched).
Irradiation conditions: Irradiation fo r  sixhours at a flux of 1.2 X1013 n /cm 2 s.

R eactor yield  approximately 40 mCi; chem ical yield 
70 -80% .

Chem ical treatm ent 
Target preparation

Insert an aluminium tube coaxially inside a standard aluminium isotope 
can and pack the annular space with ~  10 g L i2C0  3.

The annular space should be ~  1 /8  in. thick. Because of the high cr of 
6L i, i f  the annular la y er  w ere appreciab ly  th ick er than th is, the internal 
neutron flux would be so depressed that the m aterial inside would contribute 
little or no additional product and would only add undesirable bulk to the 
p ro ce ss .

Crim p the top of the can.
The top should have a sm all hole covered  with Scotch  tape to prevent 

p ressu re  build-up.

P ost-irra d ia tion  p ro ce ss in g

The follow ing fa c ilit ie s  a re  needed: a glove box o r  fume hood suitable 
fo r  handling 3H contamination; isotope can opening tools and crim ping press 
fo r  closing; 1.5 in. shielding loca lly .

*  Extracted from BNL-864 (T-347).
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Rem ove the top from  the isotope can and transfer L i2CC>3 powder to the 
E rlen m eyer flask  containing ~  20 m l H 2O and m agnetic stirring  bar. Use 
a wide neck funnel and rinse with H2O.

Add concentrated HC1 slow ly with stirrin g  to d issolve  L i2CC>3. Avoid 
rapid CO2 evolution.

Adjust the pH to the acid  side of the B rom  T ym ol Blue in d icator with 
NaOH solution.

P ass the solution through the alumina colum n, using vacuum to attain 
1 - 2  m l/m in .
Column preparation: Slurry 10 g W oelm  alumina (neutral grade) with 50 ml
0 .5 M  HC1, decanting and d iscard ing fines. Wash with two 50-m l portions 
of H20 ,  d iscarding fines. T o  a 1 -cm  diam . g lass tube to which is  sealed 
a coa rse  fr it, tran sfer enough alumina to stand 3 cm  above the frit. Wash 
a few tim es with H2O. A pad of glass wool on top of the alumina will prevent 
it from  plugging.

Wash the colum n with 30 m l H2O containing 1 drop concentrated HC1. 
Use vacuum  if n ecessa ry .

Elute 18F with 40 ml 0. 1 N NaOH containing Brom  Thymol Blue indicator. 
Collect in 3 portions:

(a) until the blue colour starts to come through the frit, 10-12 ml;
(b) the next 15 m l contains m ost of the 18F;
(c) rem ainder of the effluent.

C o llect p ortion s in la rg e  test tubes inside the s id e -a rm  fla sk  on w hich a 
slight vacuum  is  pulled.

A ssay  portion  (b) and tra n sfer  to  shipping bottle . Count annihilation 
gam m as in ca librated  w ell-typ e  scin tilla tion  counter.

Note: The product is  an alum inium  fluoride  com plex, which may be con 
verted to NaF by distillation  from  conttentrated H2SO4, collecting  distillate 
in dilute NaOH.

3. ASSAY AND QUALITY CONTROL

Assay by w ell-type scintillation counter standardized against 4jt counter.

CHARACTERISTICS OF THE FINAL SOLUTION

Product com position:

Radiochem ical purity: 
Specific activity:

Na18F trace of NaA102 in 0.1 M NaOH. The chemical 
fo rm  is  an aluminium fluoride com plex, which may 

be converted to NaF by distillation from  concentrated 
H2SO4 , collecting distillate in dilute NaOH.
Over 99. 99%; trace of 3H.
C a rrier -free .
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GOLD-198

NUCLEAR DATA

1. NUCLEAR PROPERTIES

1 .1 . H a lf-life  [1 -3 ]

2. 7 d

1. 2. Type o f  d ecay  and en ergy  (M eV) [4 -8 , 90]

Gold-198 decays by the em ission  of beta particles  follow ed by gamma 
rays. The per cent abundance of each radiation is  given.

E nergies and abundances
(a)

E max
Abundance

(%)

01 0. 290 1 . 0
0. 290 1 . 1
0. 284 1. 24

02 0. 966 99. 0
0. 962 98. 9
0. 960 98. 73

(3a 1. 378 0. 01
1. 374 0. 03
1. 372 0. 03

E(|3") = 0. 317

(b) y  (198Hg)

T i 0.41177 99.8
0.411772

y  2 0.6765 0. 82
0. 6765 0.93

Yg 1.088
1.089 0.16
1 . 088
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1. 3. Decay scheme [6]

198A u

2. NUCLEAR REACTIONS AND PRODUCTION

The reaction  used fo r  the production of 198Au is : 197Au(n, y ) 198A u . The 
abundance of the target nuclide is  100% and the cross -section  for the reaction 
with therm al neutrons is  99b. The sp ecific  activities obtained as a function 
of irradiation  tim e fo r  various neutron fluxes are given in Table I.

TABLE I

SPECIFIC ACTIVITIES AS A FUNCTION OF IRRADIATION TIME 
FOR VARIOUS NEUTRON FLUXES [90]

Thermal 
•neutron flux 

(n /c m 2 s)

S pecific activity (C i/g  o f  target) for 
irradiation tim e (h a lf-life  units) o f

0 .0 1  0 .1  1 .0 0  Am ax*

Side reaction

2 X 1 0 13 1 .13 10.9 77. 5 139 US Au(n,y)i99Au (3 .1 5  d)

2 X  1014 11.2 103 505 586
The cross-section for this "burn-up" 
reaction is 26 000 b. G o ld -199 is 
therefore always present as a 
contaminant in reactor-produced 198Au. 
The -relative amount o f  199Au increases 
with the neutron flux.

2 X 1015 106 637 847 866

G old-198 may a lso  be produced with an acce lera tor  using the reaction: 
197Au(d, p )198Au [9] .

C arrier-free  198Au may be produced using the reaction: 198Hg(n,p)198Au [80].
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3. APPLICATIONS

G old-198 is  a m oderate-energy  beta and gamma em itter. It has found 
applications in many fie lds, especia lly  in m edicine. A b r ie f classified  su r- . 
vey of published applications is  given below.

3. 1. B iology

Radiation induced tum ours in animals [10, 11]
Distribution of radioactive gold in animals [81]

3 .2 . M edicine

Determination of liver  blood flow  [12-14, 84, 86]
L iver scanning and localization  of hydatic liv er  cyst [15-21] 
B one-m arrow  scanning [22, 23]
Treatment of prostatic cancer [24-26]
Treatm ent of ovarian cancer [27, 28, 85]
Tum ours of the urinary bladder [29-31]
Treatm ent of bronchial carcinom a [32, 79, 82]
Leukaemia treatment [33, 34]
Carcinom a of the pleura and peritoneum  [35-40]
Treatm ent of pericard ia l effusions [41,42]
Hypophysectomy and pallation of m etastatic carcinom a [43, 44] 
Pituitary ablation [45-47]
Treatm ent of carcinom a of the cerv ix  [48-50]
Techniques fo r  interstitial implantations [51-53]
Knee effusion treatment [54]

3. 3. M etallurgy

Radioaptive tra cers  in aluminium manufacturing [55, 56]
Thickness m easurem ents of thin metal film s [57, 58]
Radiography in solid-liquid metal interface re search [59, 60]
Molten metal flow in a copper re fractory  furnace [61, 87]
Movement of steel in solidifying ingots [66]

3 .4 . H ydrology and hydrodynam ics [62-65]

Flow  m easurem ents 
Sand movement tracing

4. RADIOLOGICAL PROTECTION1

4. 1. E xternal irradiation

The maximum range in aluminium of the 960-keV beta particles of 198Au 
is  450 m g /cm 2. The half thickness in lead fo r  the 412-keV gamma radiation 
is  0. 28 cm . The gamma exposure rate at a distance of 1 cm  from  a 1-mCi

1 This brief summary should be read in conjunction with Safe Handling o f  Radioisotopes, Safety
Series No. 1, IAEA, Vienna (1962) 100.
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point sou rce  (K fa ctor) is  2. 36 R /h . Table II g ives exposure rates as a 
function of distance and shielding fo r  a 1-Ci 198Au source.

Radioactive gold adm inistered to a patient gives an appreciable exposure 
rate to the surroundings. Table III lis ts  the m axim um  p e rm iss ib le  
tim es which hospital personnel are allowed at various distances from  a patient as 
a function of the dose [68].

t a b l e  II

EXPOSU RE R ATES FRO M  A 1-C i 198Au SOURCE 
AS A FU N CTION O F DISTANCE AND SHIELDING

Lead
thickness

(cm )
30 cm  

distance

Exposure rates (m R/h) at

100 cm  
distance

2. 0 0 .38 3. 5

2 .5 0 .17 1. 5

4 .0 2 .2 0 .2

4. 5 1. 1 0 .1

Body liquids, rem oved fo r  tests, from  patients treated with radioactive 
gold, are handled in stain less-steelbeakers as protection from  the radiation [67], 

F or  radiologica lprotectionprocedures of hospital personnel see references 
[67 -69 ].

4. 2. Internal irradiation

G old-198 is  c la ss ified  as a m oderately  tox ic  isotope. The minimum 
significant activ ity  is  10 yuCi. The m axim um  p e rm iss ib le  concentrations 
o f rad ion u clides in a ir  and in w ater are listed  in T able IV.

4 .3 . D econtam ination

C are should be taken to avoid d ire ct  contact betw een the rad ioactive  
co llo id  and the skin since this may result in severe burns due to beta rays. 
In case of spillage the collo id  should be im m ediately washed off with water, 
since it becom es adherent when dry.

C olloidal gold does not adhere to polished surfaces and may be rem oved 
by brushing. Since 198Au is a relatively short-lived isotope it is  worth while 
in m ost cases to allow fo r  decay before decontamination is  attempted.
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TABLE III

M AXIM U M  PERM ISSIBLE TIM E N E AR  A P A TIE N T 
AS A FU N CTION O F DISTANCE AND DOSE

Distance
(m )

25 mCi

Maximum permissible times (h) for doses o f  

50 m Ci 100 m Ci 150 mCi 200 m Ci

0. 50 2. 0 1 .0 0. 5 0. 3 0 .25

1 .0 8. 0 4. 0 2. 0 1. 5 1. 0

1. 5 18. 0 9. 0 4. 5 3 .2 5 2 .5

2. 0 24. 0 16. 0 8 .0 6. 0 4. 0

TABLE IV

M AXIM U M  PER M ISSIBLE  CON CEN TRATION S O F RADIONUCLIDES

Critical organ
Soluble

or
insoluble

M axim um  permissible concentration

For 40-h  week For 168-week

(M PC)W (MPC)A 

( iC i/cm 3 f iC i/cm 3

(MPC)W (MPC)a  

(iC i /c m 3 j jC i/c m 3

Gastrointestinal tract 
Lower large intestine

soluble 2 x 10”3 3 X 1 0 "7 5 x 10"4 1 0 '7

Gastrointestinal tract 
Lower large intestine

insoluble 1 0 '3 2 x 10~7 5 x l 0 " 4 8 x 1 0 "3

5. SUMMARY OF PRODUCTION METHODS

Radioactive gold is used in m etallic form  (e. g. gold grains for  implanta
tions), in solution o r  as a co llo id a l suspension . A sum m ary o f rep orted  
production  m ethods is  given below .

5. 1. T a rgets

M etallic gold is  invariably used as the target. It is available in the form  
of thin fo i ls  with a purity of 99. 99%, o r  sp ectroscop ica lly  pure. F o r  im 
plantation purposes where radioactive gold needles are used, the target is  
in its final form , without any further p rocess in g  [53, 70]. Gold grains fo r
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irradiation  are available com m ercia lly  in a platinum sheath which absorbs 
beta radiation. T argets are sealed in quartz tubes or standard aluminium 
cans and irrad iated  in a flux o f therm al neutrons fo r  p er iod s  of up to one 
week.

5. 2. C hem ical p r o c e s s in g

A ll p rocessin g  m ethods reported include as first stage the preparation 
of ch lorauric acid  solution.

5 .2 . 1. Preparation  of ch lorauric acid solution

The irradiated  gold fo il is  d issolved in hot (90°C) aqua regia. The d is
solved target solution contains the gold as (AUCI4) '  anions. Pure chlorauric 
acid is  obtained by the follow ing procedures:

(a) C ry sta lliza tion  o f ch lo ra u r ic  a cid  and d isso lu tion  in p u rified  w ater
The ex cess  aqua regia  is  evaporated in a w ater bath by heating to 

90-100°C  at a p ressu re  of 7 0 -  100 mm Hg. Evaporation should not be p ro
longed and the solution should not be overheated, in order to avoid de
com position  of ch lorau ric  acid . A ir should be bubbled through the solution 
to enhance evaporation. Pure ch lorauric acid crysta ls  are n eed le-like and 
light yellow . The presence of dark short crysta ls indicate partial decom po
sition. Should this happen, a drop of HC1 is added and the evaporation re 
peated. The ch lora u ric  acid  cry sta ls  are  d isso lved  in d istilled  w ater 
(P y ro g e n -fre e  fo r  m ed ica l use) [72, 73 ].

(b) L iqu id -liqu id  extraction
Ethyl acetate is  added to the au roch loric  acid solution and the m ixture 

is  shaken v ig orou s ly . The organ ic phase containing the a u ro ch lo r ic  acid  
is  separated and washed with 0, I N  HC1. The ethyl acetate is  evaporated 
by heating in a water bath, and the residue may be taken up in water slightly 
acidified with HC1 [74, 80].

5. 2. 2. C olloidal preparation

C olloidal suspensions of radioactive gold fo r  m edical use must fu lfil the 
follow ing requirem ents: the colloid  should be stable and free  of aggregates; 
there should be uniform ity of p a rtic le  s ize  -  the optim um  diam eter is  ap
proxim ately  250 A; and radiogold  in fo rm s other than co llo id a l (ion ic gold) 
should not be present.

The ch lorauric acid  solution can be converted into a colloidal suspension 
by reduction, or by adsorption  on activated carbon . S ilver coating and 
am ino-gold  salt form ation  techniques are a lso  in use.

5. 2. 2. 1. C ollo id  preparation  by reduction

C hlorauric acid  is  alw ays reduced to m eta llic gold in the p resen ce  of 
gelatine. The gelatine is  added as a "protective co llo id " fo r  stabilizing the
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colloidal gold solution. The reduction of chlorauric acid to m etallic' gold and 
the form ation o f a collo ida l suspension involve two simultaneous p rocesses , 
the form ation  of new co llo id a l nuclei and the growth of existing nuclei. If 
one a llow s these two com peting reactions to take p lace  sim ultaneously one 
obtains a m u lti-d isp ersed  co llo id , i . e .  a co llo id  with a broad range of 
p a rtic le  s izes . T o  obtain a co llo id  with a narrow  range o f p a rtic le  s ize s  
and a predeterm ined mean diam eter it is  essential that nucleation and growth 
be successive instead of simultaneous [71] .

(a) Form ation of colloid  without prior seeding

The ch lorau ric  acid  solution is  neutralized with 1 N sodium  hydroxide 
to fo rm  sodium  chloraurate. A gelatine solution is  added, keeping the 
tem perature at 4 5 -5 0 °C .- The reduction to m eta llic gold is  achieved by the 
dropwise addition of glucose or 0. 5% ascorb ic  acid. P article sizes obtained 
by this procedure range from  25 to 200 A [72, 73].

(b) Growth of colloid  on p re -form ed  seeds
A non-radioactive gold "seed  solution" is  prepared in the following manner:
Chlorauric acid crysta ls  are d issolved in water and added dropwise into 

a basic  solution o f g lucose and gelatine preheated to 70°C. A u n iform -size  
inactive gold co llo id  with mean p a rtic le  d iam eter o f 50 A  is  thus obtained. 
The seed solution is cooled, sealed in penicillin  flasks and sterilized at 120°C 
fo r  1 h. The s ter ilized  solution  should be kept in a re fr ig e ra to r  and may 
be used over a period of one month. The radioactive chlorauric acid solution 
is  neutralized with sodium  hydroxide as above. C h lorauric  cry s ta ls  m ay 
also be d issolved in 0. 01% NaCl solution instead of water, to enhance aurate
ion form ation on the addition of sodium hydroxide. The sodium aurate solu
tion  is  further purified  by filtration  on a fritted  plate, and added dropw ise 
to a m ixture o f seed solution, 20% gelatine solution in water, preheated to 
7 0 °C. The aUrate solution is  added slow ly fo r  about 20 min, with constant 
stirr in g  to  ensure hom ogeneity. A fter the addition of the ch loraurate the 
m ixture is  heated to 8 0 °C in a w ater bath fo r  half an hour. Ionic gold r e 
duction is  com pleted  by the d ropw ise  addition o f 10 m l sodium  a scorb a te  
splution [72, 73] .

The radioactive gold co llo id  produced by either method must be sterilized  
at 120°C fo r  30 min. S pecific activ ities requ ired fo r  therapeutic purposes 
are about 25 m C i/m l. F or diagnostic uses such a suspension may be diluted 
by the addition of a gelatine solution.

5. 2. 2. 2. Colloid preparation by adsorption on carbon

The high polarizing effect of activated charcoal enhances the adsorption 
of gold. This is  used fo r  the preparation of colloidal 198Au [76].

5. 2. 2. 3. S ilver coating and salt form ation techniques

A suspension of s ilv e r -co a te d  co llo id  of 198Au m ay be used fo r  lung 
tum our treatm ent. This m aybe prepared by the introduction of h igh -sp 6c i f ic -  
activ ity  co llo id a l rad iogold  into a s ilv e r  nitrate solution . S ilver ions a re
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reduced in the presen ce  of stabilizing protective co llo id  form ing s ilver-coa ted  
gold co llo id s  [31, 79] .

Radioactive 198Au fo r  industrial radiotracing is used in the form  of stable, 
o il-soluble  gold amino salts [76] .

6. QUALITY CONTROL

6. 1. N on-radioactive assay

C olloid  p a rtic le  s ize  is  determ ined by e lectron  m icroscop y  [74] or by 
the S ch lesin ger C entrifuging m ethod [73] . Quantitative determ ination  of 
soluble gold in radioactive collo ida l gold solution is  perform ed by ascending 
chromatography. pH determination can be made with any standard meter [73],

6, 2. Radioassay

Activity measurement may be made by beta, or gamma, counting methods. 
Relative activity m easurem ents are made with a gamma scintillation counter
[7 3 ], a G e ig er -M u lle r  counter [69, 74, 80] o r  a beta p rop ortion a l counter
[74] . The counting apparatus should be period ica lly  checked with absolute 
standards. The allowed e rro r  in the activity m easurem ents is  5 -  10% [73].

The m ain rad ioactive  contaminant is  199Au, produ ced  by the nuclear 
reaction 198Au(n, y )199A u . The 198Au c r o s s -s e c t io n fo r  therm al neutron capture 
is 2.6 X 104 barn. Gold-199 decays with a 3. 15-d half-life , by the em ission of 
250-and 300-keV beta p a rtic le s , follow ed  by 208-and 158-keV gamma rays.

The 199Au to 198Au ratio  can be determ ined by gam m a sp ectrom etr ic  
technique within an a ccu ra cy  of 5% [78] .

R adioactive purity is  determ ined by gamma spectroscopy  and h a lf-life  
m easurem ents.
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1. GENERAL

A nuclear reaction  197Au(n, y )198Au is  used to obtain 198Au. The p re 
paration of collo ida l 198Au solution consists of three steps, i. e. preparation
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of a g lucose solution containing gold nucleus, dissolution  of the irradiated  
pure gold target and the reduction of gold ion by glucose solution. Gelatine 
is  used to stabilize the collo ida l gold solution.

2. EXPERIM ENTAL PROCEDURE

Irradiation

Target m aterial: 
Irradiation container: 
Irradiation condition: 
Irradiation tim e:

Chem ical treatm ent

0. 3 g pure gold w ire. 
Polyethylene capsule 
Neutron flux 4 X 1 0 12. 
5 h.

Solution 1. The nucleus solution is prepared by dissolving 0. 3 g of pure gold 
w ire with 3 m l aqua regia . A fter the gold w ire is  com pletely  d issolved  the 
excess  aqua regia is rem oved by evaporation. To this residue 30 ml of re 
d istilled  water is  added to make a gold solution.
Solution 2 . Separately, 16. 8 g o f g lu cose  is  d isso lv ed  with 30 m l o f r e 
d istilled  w ater to which 12 m l of 20% gelatine solution  is  added gradually 
at 90°C. The solution is kept at 55°C and 3 ml of 5 N sodium hydroxide solu
tion is  added.

Solution 1 is then added to this m ixture drop by drop with constant 
stirring; this takes about 30 min. The container of Solution 1 is  rinsed with 
10 m l of re -d is tilled  water which is  a lso added to the resulting solution; the 
m ixture is  then p laced  in the w ater bath fo r  half an hour fo r  steriliza tion .

The colloidal 198Au solution is  prepared by dissolving 0. 3 g of irradiated 
gold w ire with 3 ml of aqua regia. The gold solution is  prepared as for  
Solution 1; the resulting gold ion solution is  then reduced by adding the re 
ducing agent solution. This is  made of 12 m l 20%-gelatine solution, 0. 5 ml 
nucleus solution and 26 m l r e -d is t il le d  w ater, a ccord in g  to the fo llow ing  
p rocedu re : add 1 N spdium hydroxide solution to gold ion solution to adjust 
its pH to ~  9. The reducing agent solution is  p laced in a reduction  v e sse l 
and kept at 8 0 °C. The gold solution is  a lso  kept at 8 0 °C and added to the 
reducing agent solution drop by drop through a G -4 porosity  sintered glass 
fi lte r  with constant stirr in g . About half an hour is  needed to com plete  the 
reduction  p ro c e s s . The product of about 250 m Ci is  obtained, which is  a 
stable co llo id a l 198Au solution of a deep purple co lou r.

3. ASSAY AND QUALITY CONTROL

The content of free  gold ion is determined by paper chromatography and 
the size  o f the gold p article  with an e lectron  m icro sco p e . R adiochem ica l 
analysis o f the product is  p erform ed  a ccord in g  to the Oak R idge N ational 
L aboratory  M aster A nalytical Manual No. 90733331-3. P harm aceutical 
con tro l is  ca rr ied  out a ccord in g  to the "M inim um  R equirem ents of R ad io-
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active D rugs" published by the Japanese M inistry of Health and .Welfare 
(1962).

4. CHARACTERISTICS OF THE FINAL SOLUTION

C hem ical form : 
Concentration: 
Specific activity: 
A cidity:

A u -co llo id .
2. 7 m C i/m l.
0. 8 m C i/m g  Au. 
pH 7 ~  8.

F ree  gold ion content: ~  1%. 
R adiochem ical purity: > 99%.

CENTRE D'ETUDES NUCLEAIRES DE SACLAY, FRANCE

1. GENERAL

The therapeutic use of radioactive gold co llo id  requ ires a final product 
having: high ch em ica l stability; high radioactive concentration ; no harm ful 
adm ixtu res ; pH not le s s  than 5; and p a rtic le  s iz e  a p p rox im a te ly  300 A.

The method used, which was developed by Henry, H erczeg  and F ish er 
[1 ], is  based on the observations of Turkevitch [2] on the form ation of gold 
sols, in which he distinguished two phases: nucleation, during which 40-50 A 
particles are form ed; and growth, during which the size of the particles 
in creases.

To obtain a regu lar co llo id  it is  essential that the two phases should be 
su ccessive , so as to avoid the beginning of growth by som e particles  whilst 
others are only being form ed.

In the method d escribed  the radioactive co llo id  is  prepared by making 
use of the reducing properties  of gelatine itse lf (am ino groups, guanidines), 
which is  seeded  with a sm all quantity of p rev iou sly  fo rm ed  co llo id  w hose 
p a r tic le s  becom e  cen tres  o f crysta lliza tion .

The seed used is prepared by glucose reduction utilizing a method which 
resu lts  in the form ation  of sm all (50 A) regu lar p a rtic le s . Checking of 
particle size by electron  m icroscopy  enables defective preprations to be e li
m inated and thus guarantees the regu larity  of co llo id s  form ed  fr o m  these 
seeds.

The production of 138Au is based on the nuclear reaction 197Au(n, y)198Au.

2. EXPERIMENTAL PROCEDURE 

Irradiation

Target: A 500-mg gold leaf of 99. 999% purity.
Irradiation conditions: Irradiation at a flux of 2. 4X 10 12 n /cm 2 s for  144 h 

in the EL 2 reactor which represents an activity of 
7 .45  Ci on unloading.
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Irradiation container: Threaded aluminium irradiation  capsule with an in
ternal d iam eter of 22.5 m m  and an internal length 
o f 70 mm .

A ctiv ity  produced: The activ ity  per  gram  of elem ent at 1012 n /c m 2 s
is  6 . 2 Ci after one w eek 's  irrad iation , and 7. 9 Ci 
at saturation.

C hem ical trea tm en t 
P reparation

A fter irrad iation , the gold lea f (500 m g) is washed in ch lo ro fo rm  and 
dried .

The treatm ent breaks down into two su ccess iv e  phases:

(a) P reparation  of the reducing m edium  fo r  production  of the 
radioactive co llo id
A solution containing 20 ml of 20% gelatine previously liquefied and 1.5 ml 

of seed extracted with a sterilized hypoderm ic syringe is prepared in a 50-m l 
beaker. The m ixture is  placed in the reduction bottle which is  filled  up with 
48 m l of doubly distilled  water. The heating system  of the reduction cham ber 
is  set to maintain the tem perature of the solution at 70°C throughout the 
operation, the solution being stirred to ensure homogeneity.

(b) Dissolution of the gold leaf and form ation of the colloid
A fter p lacing the lea f in the evaporator, 4 m l of aqua regia  are in tro

duced together with two portions of doubly distilled water of 1 ml each. The 
leaf is dissolved by heating to boiling point.

E xcess aqua regia  is  elim inated by hot evaporation in a vacuum of 
110 mmHg. Red—brown crysta ls are form ed on the walls of the evaporator.

These crysta ls  are d isso lved  in 40 m l of doubly d istilled  w ater. The 
solution is  then neutralized with 12. 5 m l of 1 N NaOH; finally the v esse l is 
rinsed with 10 m l of doubly d istilled  water.

The sodium chloraurate thus form ed is purified by filtration on a fritted 
plate. It is  then ready to be passed into the reducing mixture.

A fter the tem perature of the reducing m ixture has been checked (70°C), 
the tap adm itting the ch loraurate solution into the red u cer is  adjusted to a 
rate of one drop p er second. The whole solution should take about 20 min 
to p ass. The evaporating flask  is  rinsed with 

8 m l of doubly d istilled  water,
1 m l o f 1 N NaOH, and again 
7 m l o f doubly d istilled  water.
The rinsing w ater is  passed  into the reducing bottle in the sam e way. 

Reduction is  com pleted  by introducing drop by drop a solution of 10 m l of 
10% sodium  ascorbate  to reduce the last tra ce s  of fr e e  gold.

R eagents requ ired

Aqua regia as solvent: 20 m l HC1 RP (d: 1. 19)+ 10 ml HNO3 RP (d: 1.33). 
It should be prepared 15 min before use in a 125-ml stoppered bottle.

2 1 0



20% gelatine solution: 40 g of solid  gelatine are d issolved  in 200 m l of 
doubly d istilled  water, heated to 65°C in a water bath, and then hot-filtered  
on a No. 3 fritted  g lass  in a vacuum ; the gelatine solution is  divided out in 
the proportion of 20 m l per 30-m l penicillin  bottle; the bottles are sterilized  
fo r  30 min at 2 m g /c m 2.

1 N NaOH solution.
10% a scorbate  solution : 10 g of a s co rb ic  a cid  a re  d isso lv ed  in about 

50 m l of doubly d istilled  w ater; a fter being brought to pH 6 the solution is  
made up to 100 m l in a calibrated  phial.

Gold seed:
-  Preparation  of the reducing fluid: 16. 8 g of glucose are d issolved  in 
30 m l of doubly d istilled  water and the luke-w arm  solution filte red  on 
a No. 3 fritted g lass; it is  then introduced into the reduction bottle of the 
apparatus with 12 m l o f 20% gelatine; the bottle is  heated to 70°C  and 
3 m l of 5 N soda are introduced.
-  D issolution of the gold and form ation of the seed: a 300-m g gold leaf, 
which has been previously cleaned, is hot dissolved in 3 ml of aqua regia 
together with two portions of doubly d istilled  water of 1 m l each; after 
hot evaporation  in a vacuum  and r e -d is so lu t io n  with 30 m l of doubly 
d istilled  w ater by the sam e proced u re , the solution is  passed  drop by 
drop into the reducing fluid, taking about 20 min; the evaporator is rinsed 
with 10 m l of doubly d istilled  water which are passed drop by drop into 
the reducing fluid.
The seed is  allowed to coo l to 40° C and then the 85 m l of seed are distri

buted amongst the five 30 -m l pen icillin  bottles. The bottles are sterilized  
fo r  30 min at 2 k g /c m 2.

Apparatus

The apparatus for preparing colloidal g o ld -198 (F ig .l) consists essentially 
of: an irradiation  tube unloading area; a co llo id  preparation area; and a 
co llo id  distribution area.

Irradiation tube unloading area
This area is fitted with a door, through which the lead castle containing 

the irradiation tube can be passed. The tube is unscrewed with special tongs. 
A m echanical extractor is also provided in case a cold soldered tube is used. 

A belt conveyor ca rr ies  m aterials from  one area to another.

Colloid preparation area
The area is  shown on the flowsheet for  the colloidal gold-198 production 

p rocess  (F ig. 2). It consists mainly of: an evaporating vessel fo r  dissolving 
the gold lea f; two siphon bu lbs, one of which is  fitted  with a fr itted  g la ss  
f i lte r in g  p la te ; and a red u cin g  bottle  in w h ich  the c o llo id  is  p r e p a re d .

The evaporator is  heated by an in fra -red  heater. It is  a lso  connected 
to  a turbine pump p rod u cin g  a 1 1 0 -m m  vacuum  fo r  evap ora tion .

The reducing bottle is  also in fra -red  heated and the temperature of 70°C 
is obtained by regulation with a contact therm om eter. The colloidal solution 
is stirred  by imparting a to -a n d -fro  movement to the liquid.

The vesse ls  are interconnected by welded glass tubes.
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F IG .l. Apparatus for the production of colloidal 198Au (back guard raised). Dissolving and evaporation area

FIG .2 . C olloida l 198Au flowsheet
1. Evaporator'
2 . Siphon bulbs
3 . Reducing bottle
4 . Distributing burette

This area contains th e 'd istributor burette into which the co llo id  is  fed 
through a glass tube im m ersed in the reducing bottle. It is  filled by suction 
by means of a high-capacity syringe.

A pH m eter has a lso  been installed fo r  system atic checking of the pH 
of each solution prepared .

2 1 2



B efore each operation the apparatus is  carefully washed with dilute aqua 
regia  (600 m l HC1+ 300 m l conc. HNO3 + 300 m l H20 )  and again with boiling 
water.

A fterw ards, the whole apparatus is  rinsed with doubly d istilled  water 
until pH 7 is  obtained in the glassw are.

It is  recom m ended that after each operation the reducing bottle and the 
burette is  filled  with doubly d istilled  water to avoid the tubes being blocked 
by coagulation of the gelatine.

Determ ination of chem ical form s

The co llo id a l solution is  ch em ica lly  tested  to check  its  freed om  from  
soluble rad ioactive substances [3 ] . The test con sists  of paper chrom ato
graphy. A drop of the gold colloid  is  placed on a paper strip which is  allowed 
to dip into a tank containing a chrom atographic mixture which causes m igra
tion  of the soluble phase. The soluble derivatives of gold are  co lo u r le ss . 
A G -M  counter connected to a re co rd er  perm its determ ination o f the radio
activity of the soluble phase, i. e. the content.

3. CHARACTERISTICS OF THE FINAL SOLUTION

R eferen ce: 198Au S-2 -  Injectable

A s te r ile  and p y ro g e n -fre e  solution  o f co llo id a l gold 198Au, pH 5 - 7 ,  
p a rtic le  s ize  2 0 -4 0  m/u, m eeting the fo llow in g  sp ecifica tion s :
Radioactive concentration, m easured to within 5%: 30 m C i/m l average, with

maximum up to 50 m C i/m l.
198 Au content > 99. 9% (gam m a-ray  spectrum  
ch a ra cter is t ic  of 198Au).
Soluble gold content <2%.

A s ind icated  in  the F re n ch  P h a rm a co p o e ia :

R adioactive purity:

R adioch em ica l purity: 
C om p osition  of solu tion :

C o llo id a l gold 
G lu cose  
A s c o r b ic  acid  
N aCl
M ed icin a l gelatine 
D istilled  w ater

3. 5 m g 
m g 
m g 
m g 
m g 
m l

2
7
5

30
1

R e fe re n ce : 198Au S -3  ( fo r  d ia gn osis )

A solution of co llo id a l gold 198Au S-2 diluted in the follow ing solution: 
Gelatine 30 mg
D istilled  water 1 ml
R adioactive concentration 1 m C i/m l

R eferen ce : 198Au S-6  (sm all partic les)

A sterile  and p y rog en -free  solution of co llo id a l gold l98Au, pH 5 - 7 ,  
p article  size 3 - 5  mju, m eeting the follow ing specifications:
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Radioactive concentration: 
R adioactive purity: 
R adiochem ical purity: 
C om position  of solution:

20 m C i/m l average.
198Au >99. 9%.
Soluble gold content < 2%.
C olloidal gold 3. 5 mg
G lucose 200 mg
NaCl 5 mg
M edicinal gelatine 30 mg
D istilled  water 1 m l
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CENTRAL INSTITUTE FOR PHYSICS, BUDAPEST, HUNGARY

1. GENERAL

Production  is  based on the irradiation  of gold m etal. When producing 
198Au metal or 198AuCl3 no special problem s arise . In the case of colloidal gold 
fo r  m edical use specia l care  is  taken regarding sterility  and radiochem ical 
purity.

2. EXPERIM ENTAL PROCEDURE

Irradiation

Target: Gold metal, Johnson Matthey. The amount of target depends on
the request.

Flux: 101 3 n /c m 2 s.
T im e: 200 h.
Container: Quartz ampoule with ground stopper.

Chem ical treatm ent

In the production of 198Au metal, no processin g  is  necessary . To obtain 
198A uC l3 the irradiated metal is  d issolved in hot aqua regia, the nitrate ions 
being rem oved by addition of hydrochloric acid.

When co llo id a l gold is  to be produced the 198A uC l3 solution obtained as 
described  above is  neutralized with sodium carbonate and gelatine is  added 
at a tem perature of 4 0 -5 0 °C ; finally the solution is  reduced.with a calculated 
amount o f 0. 5% a s c o r b ic  acid . The co llo id a l solution  is  s te r ilize d  in an 
autoclave at 120°C fo r  40 m in.
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3. ASSAY AND QUALITY CONTROL

The gold content of the solution is  determ ined as fo llow s: The co llo id  
is  decom posed  with e x ce ss  aqua regia . A fter evaporating to dryn ess, the 
solid residue is d issolved in distilled water. Glucose and potassium  carbonate 
are added and the relative absorption is  photom etrically m easured by com 
parison  with the standardized re feren ce  solutions. The ch loride content is  
determ ined titrim etrica lly  with standard silver nitrate solutions, using po
tassium  chrom ate as indicator. The pH is  m easured by the usual method. 
F o r  rad ioch em ica l purity the gamma spectrum  is  determ ined with the aid 
of a multichannel pulse height analyser. Sterility is  controlled  in the usual 
manner on aliquot sam ples.

4. CHARACTERISTICS OF THE FINAL SOLUTION 

Gold metal

R adiochem ical purity: > 90%.
Specific activity: 3 -3 0  m C i/m g  Au.

C hlorauric acid (HAuCl4 )

Radiochem ical purity: > 90%.
Specific activity: 1 2 -3 0  m C i/m g  Au.
Solution: Pale yellow  transparent solution; 1 - 2  mg o f A u /m l.

C olloidal solution

pH:
R adiochem ical purity: 
S pecific activity: 
Solution:

Isotonic
Sterile

6 - 8
> 90% (possib le im purity: 
12 - 30 m C i/m g  Au. 
C olloidal gold 
Gelatine 
A scorb ic  acid

i99Au (T4 : 3 .15 d))

1 - 2  m g /m l.
0. 5 m g /m g  Au. 
2 m g /m g  Au.

ATOMIC ENERGY ESTABLISHMENT TROMBAY, BOMBAY , INDIA

1. GENERAL

Gold-198 is  produced by the neutron irradiation of spectroscopically pure 
gold metal in the. form  of thin fo ils .

The method adopted fo r  the p ro ce ss in g  o f co llo id a l go ld -198  con s is ts  
o f two stages:
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(a) The initial preparation of a seed, or nucleating agent, which is  a colloid  
prepared by reducing chlorauric acid with a mixture of glucose, gelatine 
and sodium hydroxide.

(b) The preparation  o f the final co llo id  by the growth o f the seed co llo id . 
At this stage, sodium aurate is  added to a m ixture of gelatine and seed 
co llo id ; the gelatine a cts  as  a redu cin g  agent as w ell as a sta b ilize r . 
By this tw o-stage method it is  possib le  to obtain a collo id  of fa irly  uni

form  particle  size (300 A) and practica lly  free  from  tox ic  products.

2. EXPERIM ENTAL PROCEDURE 
Irradiation

T arget:

Irradiation period:
Flux in APSARA:

" " CIR:

Chem ical treatm ent 
Preparation of seed colloid

This is  a non-rad ioactive gold co llo id  and is  prepared in the assem bly 
shown in F ig . 1. B efore com m encing the operation, the whole assem bly  is  
washed w ell, rinsed with distilled water and finally with pyrogen -free water 
and then dried.

One hundred m illigram s of (99. 99% pure) gold fo il is  dropped in the eva
p ora tor  (E) and 1 m l of aqua reg ia  is  added. The evaporator is  heated in 
a bath of isopropanol. The dissolution of the gold fo il is  com pleted in about 
15 min.

The excess acid is  evaporated under controlled conditions of temperature 
and p re ssu re  t i l l  orange ye llow  c ry s ta ls  o f ch lo ra u r ic  acid  appear. The 
crysta ls are dissolved in 10 m l pyrogen -free water and the solution is trans
ferred  to vesse l T.

In the m eantim e, 4 m l gelatine solution (20% w t ./v o l.)  and 10 m l of 
g lu cose solution (56%) a re  tran sferred  into reaction  v e sse l (R) and heated 
to about 80°C with continuous stirring, using a magnetic stirrer. One m illi
litre  of 5 N NaOH is  then added, the tem perature is  brought to 90°C and the 
ch lora u ric  acid  solution is  added dropw ise. The evaporator v e s s e l is  
washed with 3 m l o f p yrogen -free  w ater and the washings are a lso  added to 
this m ixture. The solution is  kept at this tem perature with stirring fo r  
15 min m ore and then allowed to cool. The pH of this seed co llo id  is  m easured 
and is  usually between 5 and 7. The co llo id  is  dispensed in sm all volum es 
into different v ia ls , sealed and autoclaved at 15 lb /in 2 fo r  45 min.

A vial once opened fo r  the preparation of co llo ida l gold-198 is  not used 
again. The seed  co llo id  can be p reserv ed  fo r  about a month, a fter which 
the co llo id  p a rtic le s  m ay aggregate.

Spec-pure thin gold fo il, 150 m g in a type "A "  (s c re w - 
capped 1 S alum inium  can, 73 m m  high and 2 6 .5  m m  

diam .) or type "C " can (cold-w elded 2 S aluminium can, 
44 mm high and 22 mm diam .).
One week.
(2 to 3 )X 1 0 12 n /c m 2 s.
(5 to 10)X 1012 n /cm 2 s.
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Q  - C2 - Condensors '
7 -  Connection to separating funnel 7 , in front o f lead wall
8 -  Connection to separating funnel 8 in front o f  lead wall
9 and 10 -  To pulley

F IG .l. Plant assembly for go ld -198 

P reparation  o f rad iogold  co llo id

The entire g lass assem bly is washed w ell and rinsed with pyrogen -free 
w ater, and dried ; 1. 5 m l of aqua regia  is  added to the evaporator v e sse l. 
The reducing m ixture, consisting of 3. 5 m l of 20% gelatine, 0. 25 ml of seed 
co llo id , and 10 m l of p y ro g e n -fre e  w ater is  p laced  in the reaction  v esse l.

The irradiated gold fo il (150 mg) is  washed with water and then dropped
into the evaporator v e sse l. The d issolu tion  o f gold and crysta lliza tion  of 
ch lorau ric  acid  are ca rr ie d  out by ca re fu l heating under suction.

The cry sta ls  are  d isso lved  in 6 m l p y ro g e n -fre e  w ater and 3. 5 m l of 
1 !N NaOH is  added and kept ready fo r  addition.

During the above operation the m ixture in the reaction vessel is brought 
to 70° C. The sodium aurate solution is  added dropwise to the solution; 
4 -m l rinsings of the evaporator v e sse l are a lso  added into the reaction  
vesse l. The tem perature is  then raised  to 80°C and kept constant fo r  about 
an hour with continuous stirring. Finally the solution is cooled. The colloid 
is  then tran sferred  to various v ia ls, sealed, autoclaved and stored in lead 
pots.
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3. ASSAY AND QUALITY CONTROL

The activity  assay is  done by m easuring the ion current of a known 
volum e of stock  solution in a calibrated ion cham ber.

The ra d ioa ctiv e  purity  is  determ ined  by g a m m a -ra y  sp e c tro m e try .
The ra d ioch em ica l purity is determ ined by dialyzing the au ric ion out 

o r  by paper chrom atography.
Pyrogen testing is  done by injecting an aliquot of a dummy colloidal gold 

preparation (run ca rr ied  out p r io r  to active run) into each of three rabbits 
and observing the tem perature r ise , if any.

4. CHARACTERISTICS OF THE FINAL SOLUTION

N on -m edica l form

S pecific activity : 
C hem ical form :

> 5 C i/g .
HAUCI4 in solution.

M edical fo rm

S pecific activity: 
Chem ical form : 
R adiochem ical purity: 
P article  size of co llo id : 
Gold content:
Gelatine concentration:

1 - 5  C i/g .
C olloid , stabilized with gelatine pH 5-7 sterilized .
> 95%.
300 A.
3. 5 m g /m l.
About 3%.

MINISTRY OF DEFENCE, ATOMIC ENERGY COMMISSION, 
SOREQ RESEARCH ESTABLISHMENT, YAVNE, ISRAEL

1. GENERAL

The irradiation of m etallic gold in the reactor produces gold-198 by the 
(n, -y) reaction. The activated sample is  d issolved in aqua regia and the re 
sulting solution is  evaporated. A u roch lor ic  acid  is  neutralized and added 
to a seed solution, which contains collo ida l gold nuclei and reducing and 
stabilizing agents.

2. EXPERIMENTAL PROCEDURE 

Irradiation

The target is  100 m g of m eta llic  gold (spec-pu re); 1 m il1-th ick  fo i l  is  
used. The gold is  washed with 1 :2  n itr ic  acid , w ater and ether, and

1 1 m il is 0. 001 in.
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sealed into a s ilica  v ia l. Irradiation is  made at a therm al neutron flux 
o f 3 X 1 0 13 n /c m 2 s.

C hem ical treatm ent

The apparatus is  shown in F ig . 1.

F IG .l. Apparatus for the production o f  co llo id a l gold

Preparation  of seed solu tion 2

D issolve  300 mg of gold in aqua regia  and evaporate (see  above). D is
solve cry sta ls  with 30 m l H 2O.

D isso lve  16. 8 m g g lu cose  into 30 m l H 2O. Add 12 m l o f 20% gelatine 
solution. Heat to 90° C. Stop heating. Add 3 ml of 5 N NaOH while stirring. 
Keep stirring fo r  10 min. Add the previous solution, always stirring.

R in se  the ev a p ora tor  with 10 m l d is t ille d  w a ter  and add to  c o llo id .

2 This procedure is based on current literature. M odifications were made by the Comm ission’ s staff 
and Dr. E. Edguer.
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Sterilize fo r  1 h at 120°C. The solution thus obtained may be used for  
one month after preparation.

F or  the colloidal gold production, put into a conical flask 12 ml of water 
and d isso lv e  0.8 g of gelatine. Add 0. 2 m l of seed solution and 50 mg 
a sco rb ic  acid.
A fte r  p reparation  of the seed solution the fo llow in g  steps a re  then taken: 

T ra n s fe r  the irrad ia ted  sam ple into a sh ielded ce ll .
W ash the am poule with acetone and then cru sh  the am poule.
Put gold into d isso lv in g  fla sk  "A "  and add 1 m l aqua reg ia .
Heat the w ater bath to 90° C. R a ise  the w ater bath.
When the gold is dissolved, start heating the solution marked G in F ig .l. 
Apply a 100-m m  Hg vacuum  through B . Open C , so that an a ir  stream  

bubbles through the solution. When the solution is  alm ost com pletely  eva
porated, open C com pletely  and low er the water bath, to obtain pale yellow  
need le-like  au roch loric  acid  crysta ls.

D issolve  with 10 m l of 0. 01% NaCl solution. Add 2. 4 m l of 1 N NaOH 
solution. T ra n sfer  by vacuum to E.

The seed solution should be at 80° C. Add the solution from  E slow ly, 
dropw ise, with continuous stirring. The addition should take 15 to 20 min; 
the tem perature should be kept at 80°C.

Rinse the apparatus with 3 m l H2O + 0.3 m l INNaOH. Add to the collo id . 
T ra n s fe r  to  the d ispensing burette. D e liv er  sam ple fo r  ca lib ra tion . 
D eliver the requ ired amounts into pen icillin -type bottles and c lose  the 

bottles.
S terilize fo r  1 h at 120°C.

Use p y rogen -free  d istilled  water throughout the whole procedure.

3. ASSAY AND QUALITY CONTROL

The co llo id a l/io n ic  ratio is  determ ined by ascending chrom atography 
on Whatman No. 1 paper. The solvent is  30 w t./vol. HC1+70 w t./vol. acetone.

JAPAN ATOMIC ENERGY RESEARCH INSTITUTE, 
TOKAI, IBARAKI, JAPAN

1. GENERAL

The production p rocess  of 198Au is based on the irradiation of gold wire 
and d isso lu tion  in aqua reg ia  with the subsequent ad justm ent o f a cid ity .

2. E X P E R IM E N T A L  PRO CEDU RE 
Irrad ia tion

T a rget m a ter ia l: 0. 2 g o f gold  w ire  (99. 99% p u rity ) fo r  J R R -1 .
0. 05 g o f gold  w ire  (99. 99% p u rity ) f o r  J R R -2 .
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C ontainer:
F lu x :

Irra d ia tion  t im e :

P o lyeth y len e  bottle , then a p o lyeth y len e  ca p su le . 
~  3X1011 n /cm 2  s (J R R -1 ).
->-2X1013 n/cm 2  s (J R R -2 ).
15 h (5 h X 3  d) fo r  J R R -1 .
20 m in  fo r  J R R -2 .

Side reactions: Form ation of 199Au; approximately 5% in the final product.

Chem ical treatm ent

The irradiated target is  d issolved in aqua regia, evaporated to dryness, 
then red issolved  in 1 N HC1. The apparatus is  shown in F ig. 1.

a . E lectric polyethylene capsule cutter
b . Dissolving vessel v U
c .  Reagent feed pipe
d . Remote pipetter for dispensing
e . Turret o f  bottles

©
d t

u
Q i

F IG .l. Arrangement o f  apparatus for 198Au production 

Cut the inner capsule by the cutter (a).
P lace the target in the dissolving vessel (b), add aqua regia of 6 m l/0 .2  g 

of target, then evaporate to near dryness under the slight vacuum by indirect 
heating.

Add the following amount of 1 N HC1 from  the reagent feed pipe (c):
100 m l'/g  of target for the irradiation with JRR-1.
400 m l/g  of target for the irradiation with JRR-2.
The product solution is dispensed into the sample bottles.

3. ASSAY AND QUALITY CONTROL

The routine assay  is  ca rr ied  out with a w ell-type  ion ization  cham ber. 
The calibration  is  made with a 47r/3-coincidence counter. A routine acidity 
check is  a lso  made.

4. CHARACTERISTICS OF THE FINAL SOLUTION

C h em ica l fo rm : A uC13 in  HC1 and H N Oa solu tion ; a c id ity  ~  1 N.
R a d ioch em ica l pu rity : > 99% (e x c lu s iv e  o f i"A u ).
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S p ec ific  a ctiv ity : ~  130 m C i/g  o f Au (J R R -1  p rod u ct).
~  12 C i /g  of Au (J R R -2  p rod u ct). 

C oncen tration : ~  1 m C i/m l (J R R -1  p rod u ct).
~  10 m C i/m l (J R R -2  p rod u ct).

IN STITU TT F O R  A TO M EN ER G I, K JE L L E R , N ORW AY

1. G E N E RA L

Gold-198 is  prepared as a collo ida l suspension of m etallic gold, stabilized 
with gelatine. Gold fo ils , cut in narrow bands and rolled  together, are ir 
radiated in a therm al neutron flux: 197Au(n, 7 )198 Au. The product p a rtic le  
s ize  is  approxim ately  200 A.

2. E XPERIM EN TAL PROCEDURE

Irradiation

T arget m ateria l:
T im e of irrad iation :
Container:
Flux;

C hem ical trea tm en t

The irradiated gold fo ils  are converted to gold chloride by reaction with 
aqua regia  at 100°C. The ex cess  of aqua regia  is  evaporated, ajid the 
residual gold ch loride  is  d issolved  in w ater.

The co llo id a l suspension is  prepared by adding this solution o f ra d io 
active gold ch loride dropw ise to an alkaline solution of gelatine and water, 
previously  m ixed with gold collo id  seeding solution and heated to approximately 
70° C.

3. ASSAY AND QUALITY CONTROL

Radioactivity, relative ionization cham ber m easurem ents.
Isotopic purity control, -absorption  analysis, •y-spectrography. 
pH.
R adiochem ical purity control, radiochrom atography.
T oxicity  and pyrogen control, test on anim als.

The colloid  particle size is  checked occasionally by electron m icroscopy. 
A ll produ cts  are subject to individual in spection  and approval by 

pharm aceu tica l person nel.

1 Johnson. Matthev & Co.

200 m g gold fo i ls , sp ectra l pu re1. 
7 d.
A lum inium  can.
A pproxim ately  2 X 10 12 n /c m 2 s.
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4. CHARACTERISTICS OF THE FIN AL SOLUTION

GK -  co llo id a l suspension of m eta llic gold stabilized  with gelatine,
sterilized .
Radioactive concentration; 
Isotopic purity: 
R adiochem ical purity: 
Specific activity: 
pH:
C om position  of suspension:

Approxim ately 40 m C i/m l.
At least 99% as 198Au.
Ionic gold content le s s  than 2%. 
A pproxim ately 10 m C i/m g  Au. 
Around 6.
Gold content 3 .5  m g /m l;
Gelatine content 30 m g /m l; 
G lucose content 1 m g /m l.

JUNTA DE ENERGIA NUCLEAR, MADRID, SPAIN

1. GENERAL

The preparation of co llo ida l gold is  based on the method originally de
veloped by Henry et al. [1, 2] . A sm all volum e of n on -rad ioactive  co llo id  
(the seed solution) is  grown from  a solution o f rad ioactive ch lorau ric  acid 
prepared  from  neutron irradiated  gold strips.

2. EXPERIM ENTAL PROCELURE 

Irradiation

T arget m a teria l:
C onta iner:
Flux:

Irradiation  period

C hem ical treatm ent

Method of preparation

The p ro ce ss  involves the follow ing steps:

Preparation of the seed solution : 0. 3 g of gold is  d issolved  in 3 m l of aqua 
regia  (HC1 and HNO3, analytical grade).

E vaporate the solution to d ryn ess in a w ater bath under a vacuum  of 
70 m m H g. E vaporation should not last longer than n ecessa ry  and care  is  
taken not to make the vacuum excess ive ly  high in order to avoid decom position  
of the ch lorauric acid.

1 Supplied by Williams Gold Refining Co. , United States o f  America.

0. 4 g gold s tr ip s , 0. 05 m m  th ick , purity  99. 999%1. 
L eak -tigh t alum inium  con ta in er , 8 X 1 0  m m  d iam . 

4 X 1 0 12 n /c m 2 s; next to the surface of adjoining fuel 
elem ents (JEN“ 1)- 

: 1 week, approxim ate y ield  is  2 5 -  30 m C i/m l.

223



In another recipient vessel the following mixture is heated to 90°C: 16.8 g 
o f g lucose (M erck product fo r  m icroscop y  and bacteriology) in 30 m l of 
d istilled  water, 12 m l of a 20% gelatine solution, (Schuchardt, analytical 
grade) and 5 m l of 5 N NaOH. C h lorauric  acid  cry s ta ls  a re  d isso lv ed  in 
30 ml of water; the solution is  im m ediately poured dropwise into the glucose 
solution at a tem perature of 90°C, with continuous stirring. A fter com pletion 
of the addition of chlorauric acid solution, a further 10 ml of water are intro
duced. The seed solution is  allowed to coo l and is  distributed in pen icillin  
flasks; seal, encapsulate and sterilize  at 120°C fo r  30 min. The flasks are 
kept in a re fr igera tor  and the seed solution can be used over a period of 
several months. A syringe fitted with a sterilized  hypoderm ic needle is used 
to extract necessary  volum es.

Growth of c o llo id : 400 mg of irradiated  gold are d isso lved  in 4 m l of aqua 
regia, then evaporated to dryness under vacuum (7 0 - 80 mm Hg); this is done 
in the water-bath evaporator. The residue is  dissolved in 40 ml of distilled 
w ater, then 9. 3 m l of 1 N NaOH are added. The solution thus obtained is  
slow ly dropped into a reducing m ixture consisting of 16 m l of 20% gelatine, 
1 m l of the seed collo id  and 40 m l of distilled water. The resulting solution 
is  heated to 100°C in a water bath while continuously stirring. Fig. 1 (R).

A fter the addition of the ch lorau ric  acid  solution, heating is continued fo r  
30 m in. Then, 0. 4 g of a sco rb ic  acid d issolved  in 2 m l of w ater and 1 m l 
o f 1 N NaOH are added. The product is  distributed in penicillin  bottles and 
sterilized  at 120° C fo r  1 h.

Apparatus

The production  is  ca rr ied  out in an en closu re  of the sam e design and 
size as those used fo r  the production of 32P and 132I; it is  shielded with 5-cm

N EGATIVE P R E S S U R E

I -C E T
DRAINAGE

F IG .l. Production o f  co llo id a l go ld -198
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lead bricks. The preparation assem bly embodies the ancillary p ieces needed 
(funnels, syphoning ba lls, etc. ). The parts D, R and B (burette) are linked 
together by g lass tubing.

3. ASSAY AND QUALITY CONTROL 

G eneral a ssay

Radiochem ical purity is  determined by ascending paper chromatography. 
No. 1 Whatman paper is used [6 ]. The eluent is  a mixture of acetone, water, 
h yd roch loric  acid  (d= 1. 19) at the ratio of 7 0 :2 0 :1 0  [5, 6] . The follow ing 
Rf are observed: collo ida l gold, R f= 0 .0 ; soluble gold compounds, R f= 0 .9-1.0 .

A ctivity m easurem ents are made with an ionization cham ber (see 32P). 
An e rro r  of 5 -  10% is  allowed. In special cases  the e rro r  may be le ss  than 
5%. B iolog ica l tests include the determination of tim e duration fo r  the stay 
o f co llo id a l p a rtic le s  in the in jected  zone and the activ ity  d istribu tion s in 
blood and urine. Rats are used and the solution is injected into the pleura or 
peritoneum . A cceptable  values are .0. 05% activity  in blood and 0. 5 -  0. 7% 
in urine within a few  hours from  the adm inistration  [5, 6] .

D eterm ination  o f  p a r tic le  s iz e

The determ ination of particle size is  made by the Shlesinger centrifuge 
method [3, 4 ] , a Wifug X -2  centrifuge is  employed.

The follow ing form ula gives the particle size:

„ _ A Fh~ C?
P~ u \J T g C

A = 6. 15X108 I ..U
\ |  ( c r -  o ' ) R

where:
p radius in m/u (1 mu = 10 A)
u = speed of rotation (rpm)
C o /C  = ratio of co llo id  concentration before  the centrifugation to final 

co llo id  concentration
h height o f liquid in centrifuging tube (fla t-bottom ed  cy lin d er)
T duration of centrifugation
r) v is co s ity  (p o ises )
cr = density  o f the gold
<j' = density  o f the co llo id  solution
R distance betw een the absorbent (f ilte r  paper at the bottom  of 

cen trifu ge  tube) and the a x is  o f ro ta tion  o f  the ce n tr ifu g e .
V ariations in the concentration of the co llo id  are follow ed by sp ectro 

photom etry at the absorption peak o f 527 m/u; a Beckman m odel B apparatus 
with 10-mm optical ce lls  is  employed.

The speed o f the centrifuge is  of the o rd e r  o f 4500 rpm . F ou r d is c s  
of No. 40 Whatman paper are used as the absorbent. The values for  cr and
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cr1 are  19. 2 and 1 respectively . The sizes  fo r  the seeds vary between 45 and 
70 A, and fo r  the final co llo id  between 240 and 340 A.

4. CHARACTERISTICS OF THE FINAL SOLUTION

Colloidal gold 198Au, injectable

A sterile , p y ro g e n -fre e , and isoton ic solution of co llo id a l gold 198Au, 
pH 6 - 7 ,  partic le  size  300 A, m eeting the follow ing specifications:
Radioactive purity: 
Radiochem ical purity: 
Radioactive concentration: 
Chem ical concentration: 
Sterility:

Analysis of pyrogens: 
Isotonicity:

198Au content > 99. 5%.
Soluble gold content < 2%.
Maximum 30 m C i/m l.
3 - 5  mg A u/m l; gelatine, 3%.
Sterilization is  carried  out in autoclave at 120°C 
fo r  about 1 h.
See a2P.
Adjusted by means of cryoscop ic  measurements 
[7 ].

C olloidal gold 198Au, injectable

A sterile , p y rog en -free  and isoton ic  solution obtained from  the above 
solution by diluting with 3% gelatine.
R adioactive purity: A s above.
R adioch em ica l purity: A s above.
R adioactive concentration : About 1 m C i/m l.
C hem ical concentration : 0. 25 -  5 m g A u /m l.
S terility: A s above.
A nalysis of pyrogens: A s above.
Isoton icity : A s above.

198Au gold ch loride , non -in jectable

ch loride  in h y d roch loric  acid  m eeting the follow ing

198Au content > 99. 5%.
198a u 3+ content > 99%.
Up to 3 C i/g .

R E F E R E N C E S

A solution of gold 
specifica tion s: 
R adioactive purity: 
R ad iochem ica l purity: 
S p ecific  activity :

[1 ] HENRY, R. , HERCZEG, C . , FISHER, C . , Report CEA-733, Commissariat ^ l ’£nergie atomique, France 
(1957).

[2 ] ANGOSO, M. , DOMINGUEZ, G. , Selecci6n y puesta a punto de un metodo de producci6n de oro-198
coloidal para usos clinicos, Report JEN-DQ-Qr 0305/1-1.

[3 ] SCHLESINGER, M. , Koll. Z . 67 (1934) 135.
[4 ] ANGOSO, M. , Fosfatos coloidales de cromo con f6sforo-32, Anales Real Soc. Espafl. Fis. Qufm. Ser. B,

(in  press).



[5 ] CONSTANT, R. , MAISIN, J. , J. Beige de Rad. 43 (1960) 393.
[6] REBOLLO, D. V. , Secci6n de Is6topos, Direcci<5n de Qufmica e Istftopos de la JEN, private communication.
[7 ] GARCfA del AMO, C . , Secci6n de Istftopos, Direccitfn de Quimica e Is6topos de la JEN, private com 

munication.

THE RADIOCHEMICAL CENTRE, 
AMERSHAM, B U CK S., UNITED KINGDOM

1. GENERAL

G old -198  is  prepared  as a s te r ilized  co llo id a l suspension  o f m eta llic  
gold, stabilized with gelatine. The norm al product has a wide spectrum  of 
p a rtic le  s ize s  ranging from  25 to 250 A. A second co llo id , produced by a 
seeding technique, in which the particle  size is  restricted  to the range 200 -  
300 A, is  also prepared.

2. EXPERIMENTAL PROCEDURE [1]

Irradiation

Target m aterial: 2 .4  g ash cohesive gold fo il, dental grade.
Irradiation container: Screw-topped aluminium can.
Irradiation conditions: Flux ~ 1 0 12 n /cm 2 s fo r  7 to 10 d.

Chem ical treatm ent

The irradiated  gold fo il is  converted to ch lorauric acid by dissolving in 
aqua regia  and then pumping o ff the ex cess  acid . The HAUCI4 is  d issolved  
in water and converted to gold in a collo ida l form  with glucose, gelatine and 
sodium hydroxide.

3. ASSAY AND QUALITY CONTROL

C olloids are assayed fo r  particle size (by electron m icroscopy) and ionic 
gold (by paper chromatography and dialysis).

Irrad iation  conditions are  se lected  such that <1% 199Au is  fo rm ed  by 
the burn-up o f 198Au.

4. CHARACTERISTICS OF THE FIN AL SOLUTION

Chem ical form : C olloidal suspension of m eta llic gold stabilized
with gelatine.

R adioactive concentration: ~ 100 m Ci 198A u/m l.
Concentration total elem ent: 10 mg A u /m l.
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<  1% 199AU.
P rolonged  d ia lysis  tests  and paper ch rom ato
graphic exam inations have detected  no tra ce s  
o f ion ic gold  (< 0. 01%).

The colloidal solution has the following constituents:

(%) (w t./vol.)

Gold 1.0
Gelatine 3.5
Glucose (including

decom position products) ~ 2 8 . 0
Sodium chloride ~  0. 7
Not routinely determined. Electron m icroscope 
measurements of particle size distribution show 
that the number of particles decreases with in
creasing particle size. No particles greater 
than 225 A. Particles of diam eter 100-  125 A 
account for  the greatest proportion of the activity.

R E F E R E N C E

[ 1] AERE Report No. I/R. 1341.

OAK RIDGE NATIONAL LABORATORY, 
TE N N ., UNITED STATES OF AMERICA

1. GENERAL

G old-198 is  produced by the (n, 7 ) reaction  in a gold m etal target, 
197Au(n, y)198Au, and is  prepared as AUCI3 in mixed HC1 and HNO3 solution. 
About 5% 199Au is  a lso  produced.

2. EXPERIM ENTAL PROCEDURE 
Irradiation

Target: 50 mg gold metal.
Neutron flux: 0. 7X10!3 n /c m 2 s.
Irradiation  tim e: 61 "h.
R eactor yield : 2. 9 Ci.

C hem ical treatm ent 

Apparatus

A hot o ff-g a s  scrubber unit (F ig. 1) is  used in p rocess in g .

R adioisotopic purity: 
R ad ioch em ica l purity:

Composition:

Particle size:
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P rocess in g  

Y ield : >95%.
The irradiated  gold target is  heated in 3. 5 m l o f aqua regia  under the 

hot o ff-g a s  scru bber unit. A fter the target is  d issolved , the solution is  
diluted to 50 m l with d istilled  water.

F I G .l .  Unit for the production of c o llo id a l go ld -19 8

3. ASSAY AND QUALITY CONTROL

Samples are analysed fo r  m olarity of HC1, total solids, 198Au and 199Au 
concentrations, and rad ioch em ica l purity, accord in g  to ORNL M aster Ana
ly tica l Manual (TID -7012), p rocedure No. 9 0733381.

P re c is io n  and accu racy  of the 198Au assay are:
C alibration by 4 irfi-y coincidence counter.
Routine a ssay  by  ion iza tion  ch am ber and w e ll-ty p e  scin tilla tion  cou nter. 
E stim ated lim it of e r r o r  in d is in tegration -rate  concentration  of routine 
shipment, 3%.
P rec is ion , 2%.
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4. CHARACTERISTICS OF THE FINAL SOLUTION

P r o c e s s e d , high sp e c ific  activ ity  198Au is  d e livered  as A u C l3 in HC1 
and HNO3 solution as a stock  item . Other sp ecifica tion s  o f in terest a re : 
A cid ity : 1 N total acids ±  50%.
C oncentration : > 10 m C i/m l.
S p ecific  a ctiv ity : = 25 000 m C i/g  Au.
R adioch em ica l purity : > 98% (exclu sive  of 199Au).
199Au: ~  5%.

BORIS KIDRlC INSTITUTE OF NUCLEAR SCIENCES, 
VINCA, YUGOSLAVIA

1. GENERAL

Irradiation of gold fo ils  in a reactor produces the radioactive gold isotope 
198Au by the (n, 7 ) reaction . C hem ica l treatm ent of these irrad iated  fo i ls  
produces radioactive collo ida l 198Au used fo r  m edical purposes. Radioactive 
co llo id a l gold is  produced  by the method of Constant and co -w o rk e rs  [1, 2] 
in a m odified French apparatus built in a shielded ce ll. The method provides 
rad ioactive  co llo id a l 198Au of high ra d ioch em ica l purity, co llo id  p a rtic le s  
o f fixed  d ispersity  and a pH -value corresponding to m edical requirem ents.

2. EXPERIM ENTAL PROCEDURE 

Irradiation

T arget: 2X200 m g of gold fo ils , 99. 999% purity.
Irradiation  con ta iners: C ylin drica l A l-ca n s  with screw ed  co v e rs , 70 m m

internal length, 25 m m  internal d iam eter. 
T herm al neutron flux: 2 - 5 X 1 0 12 n /c m 2 s (RA re a cto r  at VinCa);
Irradiation  tim e: 7 d.

The gold isotop e  199Au is  produced  by the reaction : 198Au(n, 7 ) 199 Au. 
The cross -se ction  of this reaction is o n,y'- 26 000 barn. This gold isotope 

is produced at fluxes considerably higher than 10 13 n /cm 2 s.

Chemical treatm ent

Production method

A fter degreasing in ch loroform , radioactive gold fo ils  are put in a flask 
A where they are d issolved in 3 -  4 m l of aqua regia by heating over a water- 
bath.

The HAUCI4 solution  is  evaporated to d ryn ess, in vacu o, by heating, 
obtaining AUCI4 . 4H2O.

230



A fter cooling, AuCU* 4H2O is  d isso lved  in H2O + 1 N NaOH. NaAuCl4 
is  obtained and through a G -5 sintered g lass it is  filtered  into v esse l B 
(filtration vesse l).

The filtra te  is  added dropw ise to a reducing solution containing an 
aqueous solution of the "g erm " (inactive gold co llo id ) of low d ispersion  in a 
solution of g lucose and sodium hydroxide [3, 4] and 20% of gelatine. 198Au3+ 
+ 197A u 3+ is  reduced  to the m etal co llo id a l state by heating, and m ixed  by 
pulsation.

N on -reduced  NaAuCl4 is  reduced by a dropw ise addition of sodium  
a scorbate .

Apparatus
A vesse l fo r  dissolving irradiated gold and evaporating NaAuCl4 to dry

ness, in vacuo, thus producing AuC14 . 4H2O (Fig. 1, A).
V esse l fo r  filtering  and the dropw ise addition of NaAuCl4 with built-in  

G -5 sintered g lass (F ig . 1, B).
R edu cer in which rad ioactive  co llo id a l gold i98Au is  produ ced  by r e 

ducing the N a 198A u C l4 solution (F ig . 1, C).
Burette fo r  distributing radioactive co llo id a l gold in pen icillin  bottles 

(F ig . 1 ,D ).
Distribution system  fo r  constant, transportable and high vacuum (Fig. 1, E).

F IG .l. Apparatus for the preparation o f  co llo id a l gold
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3. ASSAY AND QUALITY CONTROL

Qualitative and quantitative analysis of gold fo ils .
Pyrogenic test of the solutions used.
R adioactive m easurem ent o f the co llo id a l solution.
Radioactive control.
Determination of particle size on an e lectron -m icroscope .
pH of the colloidal solution.
R adiochem ica l purity con tro l (% 198Au co llo id a l + % 198Au3+). C arried  

out by ascending paper chrom atography [5] . F ilte r  paper: Whatman No. 1. 
Chrom atogram : 25X2 cm ; start 2. 5 cm  from  the bottom. Developing agent: 
ethyl acetate (9' volum es) + con c. HNO3 (1 volum e). Developm ent tim e: 
about 3 h.

S terility  test o f the co llo id a l solution [6] .
D istribution  and fixation  o f  rad ioactive  co llo id a l gold in organs o f ex

perim ental anim als (white m ice ).
Elim ination of radioactive colloidal gold 198A ufrom  experim ental animals 

by urine excretion .

4. CHARACTERISTICS OF THE FINAL SOLUTION 

R eference: YVAu 198/1, gold-198 sterile  co llo ida l gold solution

Sterile co llo id a l gold 198Au solution, pH 5 - 7 ,  m eeting the follow ing 
specifications:
R adioactive concentration:
R adioactive purity:
R adiochem ical purity:
P artic le  s ize :
C om position of the solution:

S terile.
P yrogen -free .

R e fe re n ce : Y V A u 1 9 8 /4 , g o ld -1 9 8  s te r ile  d ilute  c o llo id a l  go ld  so lu tion

Sterile co llo ida l gold solution, diluted with 20% gelatine, fo r  diagnostic 
purposes.
Radioactive concentration: M easured to within 10%; one to a few m C i/m l.
Radioactive purity: 198Au content higher than 99%.
R adiochem ical purity: C olloidal 198Au content higher than 99%.
P article  s ize : 250+50 A.
Sterile.
P yrogen -free .

M easured to within 10%; 25-50 m C i/m l. 
198Au content higher than 99%.
C olloidal 198Au content higher than 99%. 
250±50  A.
Au concentration: 3. 5 m g /m l
Gelatine concentration: 3%
G lucose concentration : 0. 1%
NaCl concentration : 5 m g /m l
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IODINE-131

NUCLEAR DATA

NUCLEAR PRO PERTIES

1. H a lf-life  

8. 06 d

2. Type o f  decay, and en ergy  (M eV)

0. 250 (2. 8%) gamma 0. 080 (2. 2%) IC (4%)
0 .33 (9.1% ) 0. 284 (5. 5%) (0. 3%)
0.606 (87. 5%) 0. 364 (81%) (1%)
0. 812 (0. 7%) 0. 639 (9. 1%)

0. 724 (2. 8%)
0. 163 (0%) (0. 7%)
(via 12 d 131mXe)

3. D eca y  sch em e



2. NUCLEAR REACTIONS AND PRODUCTION

Reaction

Abundance 
o f  target 
nuclide

(%)

Cross-
section
(barn)

A ctivity o f  
elem ent at 

L012 n /cm 2s 
(m C i/g )

24 h 7 d sat.

Side reactions

(n ,y )131 m Te

i ^
130 Te IT 1 9 %  1311 34. 59

< 0. 008

0. 8 4. 4 9. 6

120T e (n ,y )121Te

(T  -  154 d)
isot. abund.: 0.089%

J ^
(n. y) 131Te 0. 22

122T e (n ,y )123mTe

(T  = 104 d) 
isot. abund.: 2. 46% 
o  = 2 .8  barn

I24T e (n ,y )12s m Te

(T  = 58 d)
isot. abund.: 4. 61%
a  = 6. 8 bam

126T e(n ,y )f27Te

(T  " 9 .4  h)
isot. abund.: 18.71%
o  - 0. 8 barn

126T e(n , y )lz ,m Te

(T  -  105 d) 
a “  0. 09 barn

128T e (n ,y )129mTe

(T  = 33 d)
isot. abund. t 31. 79% 
a = 0. 015 barn

128T e (n ,y )129Te

(T  = 72 min) 
a = 0. 13 barn

For nuclear data see Ref. [ 1 ],

Iodine-131 may also be extracted from  fission  products: U(n, f) —► 131I. 

U(n, f) —► 131Te 8 .— > 131I. F iss ion  y ield : 2. 9%.'  '  '  24.8 min J

3. APPLICATIONS
*

Iod in e -131 is  the radionuclide m ost widely used in m edical therapy and 
diagnosis. B esides this it has found application as a tracer. A brie f survey 
of published applications is  given below.

235



3. 1. Medicine

3. 1. 1. Applications of 131I as prim ary isotope
Treatment of hyperthyroidism , thyroid cancer

and heart d iseases [2-16, 28]
Diagnostic use, thyroid function test [25-28]
Preparation of labelled compounds [17]

3. 1 .2 . Applications of organic 131I-labelled m olecules
Iodinated human serum albumin [2, 18-21]
Iodofluorescein  • [24]
1311-R ose Bengal [2 ,21 ,22 ]
Sodium ortho-iodohippurate [23]

3. 2. Technical applications

H ydrology [29-32]'
Pulp and paper research  [33]

4. RADIOLOGICAL PROTECTION

4. 1. External radiation

The unshielded exposure rate per curie 131I at a distance of 1 m is about 
300 m R /h  [57]. The necessary  lead shielding thickness fo r  reduction of this 
exposure rate by a factor of 100 is  about 3 cm  [57]. Thus a practical shield 
fo r  the handling of amounts of 131I up to around 1 Ci is  a lead wall 5 cm  thick.

4. 2. Internal radiation

Ibdine-131 is  c la ss ified  as a c la ss  2, h igh -tox icity  nuclide [34] . The 
b io lo g ica l h a lf- life  of iodine is  138 d [5 6 ], giving an e ffectiv e  h a lf- life  o f
7. 6 d, r e fe r re d  to  the total body. The excre tion  of iod ine fr o m  kidneys, 
l iv e r  and bone is  m ore  rapid as  is  shown in T able  I.

TABLE I

E XC R E TIO N  OF IODINE

Organ o f  reference
B iological h a lf-life  o f  iodine 

(d)
Effective h a lf-life  o f  131I 

(d)

Thyroid gland 138 7. 0

Kidneys, liver, spleen 7 3 .7

Bone 14 5. 1
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B ecause o f the vola tility  o f iodine this nuclide usually rep resen ts  the 
m ain health p h ysics  p rob lem  in a la b ora tory  fo r  the p rodu ction  o f ra d io 
isotopes fo r  m edical and scien tific  applications. Production  fa cilit ies  need 
carefu l ventilation with specia l filtering  of exhaust a ir.

4. 3. Decontam ination
Decontamination of glassw are and equipment is most effectively achieved 

by m eans of strong m in era l acid  solutions, e. g. a m ixture o f n itr ic  acid  
(2 -  5%) and hydrofluoric acid (2%). Decontamination p ro ce sse s  of this kind 
should always be p erform ed  within a ventilated containment because of the 
volatility  of the iodine in acid  m edia.

R em oval of 131I from  clothing and skin is  facilitated by the p resen ce  of 
iodide -  iodate ca rr ie r . General instructions fo r  decontamination of personnel, 
equipment and working surfaces are given in Ref. [34] .

5. SURVEY OF PRODUCTION METHODS

5. 1. Neutron irradiation o f tellurium or  tellurium compounds

M etallic tellurium , tellurium  dioxide, orthotelluric acid , HeTeOs, and 
m etatelluric acid, H2T e0 4 , are the target m ateria ls in general use fo r  131I 
production. Tellurium  is  usually p rocessed  by dissolving it in a strong 
m inera l acid , p re fera b ly  H2SO4. A fter the addition of an oxidant (H2O2 , 
KMn0 4 , etc. ) the iodine is  d istilled  off and co lle cted  in a sodium  sulphite 
o r  thiosulphate solution [35, 36] . Other m ethods fo r  separation are ion ex
change techniques and precip itation  [37 ]. T e llu r ic  acid , HgTeOg, is  a lso  
usually used together with a separation  p r o c e s s  based  on d isso lu tion  and 
d istilla tion  [38, 39] o r  colum n chrom atography [40] .

Another method fo r  the separation o f 131I from  d isso lved  tellu rium  
targets is  by adsorption on specia lly  prepared platinum electrode surfaces, 
follow ed by an e lectroch em ica l desorption [41, 42] .

G leason [43, 44] p rop oses  m etatellurie acid instead of orth ote llu ric  
acid , on account of the higher decom position  tem perature and a lso  higher 
tellurium  content.

A num ber of isotope production centres are using tellurium  dioxide as 
target m ateria l fo r  131I production . Two d ifferent m ethods a re  in use fo r  
separation. The wet m ethod, which com p rises  the suspension  of T e 02  in 
w ater and sulphuric acid , oxidation with hydrogen perox ide  and d istillation  
[4 5 ,4 6 ] o r  d isso lu tion  in 10% sodium  hydroxide, oxidation  with hydrogen  
p erox id e , a c id ifica tion  and d istilla tion  in the p resen ce  o f N a2M o 0 4 [4 7 ]. 
The dry method m akes use of d irect distillation  o f the iodine by heating the 
irradiated target m ateria l to around 700°C [48-50] .

5. 2. P reparation  from  fission  products

F ission  product 131I is form ed in uranium in a reactor during irradiation, 
and the general method fo r  separation is  to re lea se  the iodine by m eans of 
heating o r  d issolu tion  in n itr ic  acid , trap it in a suitable m edium , reduce 
the volum e and finally  apply a ch em ica l p u rifica tion  m ethod [52-54] .
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6. RADIOASSAY

See P art I, Section 6 of th is Manual.
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PROCEDURES

ATOMIC ENERGY OF CANADA L T D .,
CHALK RIVER. O N T ., CANADA

1. GENERAL

Iod in e -131 is a beta-gam m a em itter with a h a lf-life  of eight days. It is 
produced in the reactor by the irradiation of tellurium , l30Te(n, gamma)131Te 
(beta decay) 13:LI.

A fter irrad iation , the 131I is  ch em ica lly  separated fr o m  the tellu rium  
target and shipped as requ ired  to the pharm aceutica l industry fo r  fu rther 
p ro ce ss in g  and d istribution  to the m ed ica l p ro fess ion .

2. E XPERIM EN TAL PROCEDURE 

Irradiation

The irradiation target consists of 35-40 g of tellurium  m etal shot sealed 
in a standard rea cto r  capsule. The norm al irradiation  tim e is  one month. 
The usual yield  is  from  8 to 15 Ci from  each capsule, depending on the flux. 
An appropriate  num ber o f cap su les  a re  held under irrad ia tion  to  p rov id e  
n orm al lo ca l and standby requ irem en ts.

C hem ical trea tm en t

The irradiated  tellurium  is  d isso lved  in an oxidizing m edium  wherein 
the elem ental iodine is  re leased  from  the tellurium  crysta llin e  lattice and 
converted to iod ic acid  (H I O 3 ) .  This is  reduced with oxa lic  acid  releasing  
elem ental iodine vapour, which is  co llected  in alkaline scrubbers as sodium 
iodide in sodium  sulphate solution -  which is  the standard product of the 
A tom ic E nergy o f Canada Ltd. (A E C L).

Irradiated capsules are pneum atically entered to the p rocess  equipment 
from  a transfer flask. The capsules are m echanically opened and irradiated 
tellu rium  poured  into a 5 -l it r e  g la ss  reaction  fla sk  w here it is  d isso lved  
in chrom ic and sulphuric acids. The solution is  refluxed fo r  about two hours 
to  ensure fu ll oxidation o f the tellurium  to te llu r ic  acid  and iodine to iod ic  
acid . Continuous tem perature and conductivity  con tro l o f the solution  is  
n ecessa ry  to ensure com plete  oxidation , and a safe rea ction  rate.

Upon com pletion  of the oxidation, the HIO3 is  reduced by the addition 
of oxa lic  acid  in a sulphuric acid  m edium  to convert the iodine to the e le 
m ental fo rm . The addition is  made slow ly  and at a reduced  tem perature 
to  p erm it con tro lled  re le a se  o f the la rg e  quantities of C O 2 fo rm ed  in the 
breakdown of the oxalic acid. When the addition is  com plete, the tem pera
ture is  ra ised  and the iodine vapour is  re leased . The vapour is  passed 
through a se r ie s  of scrubbers initially containing 1 m olar sodium bisulphite 
(NaHSOs) in 0. 5 N NaOH solution. The resu lting product fo rm s  as Nal in

240



Na2SC>4, the bisulphite being oxidized to the sulphate form . The radiation 
from  each scru b b er  is  m onitored  to observe  bu ild-up  of activ ity . F ilte r s  
in the equipment exhaust system  are also m onitored to observe any re lease 
of 131I during the p rocess .

Equipment

The p rocess in g  equipment is  a sealed chem ica l glassw are system  with 
va lves, stop cock s  and reagent entry lines mounted at appropria te  poin ts. 
The system  is contained in a chem ical fumehood provided with 4 in. (10 cm ) 
of lead shielding. F itted through the w alls are stopcock  turners, ba ll joint 
manipulators, valve controls and lead glass windows to perm it rem ote view
ing and operation . The fum ehood exhaust leads into a s e r ie s  of absolute 
filte rs  and activated charcoal filte rs  which rem ove a ll particulate m aterial 
and iodine vapour. A ll e lectron ic instrumentation is  brought out through the 
shielding w alls to a rem ote con trol panel. Solid waste (such as em pty i r 
radiation capsules) is dropped through a shielded pipe in the floor  of the hood 
to a shielded waste container. Liquid waste is  drawn off and piped to plastic 
lined and shielded drums stored in a rem ote location.

3. ASSAY AND QUALITY CONTROL 

Chemical

Sam ples of the fina l product a re  assayed  fo r  total so lid s , tota l non
vola tile  so lid s, chrom ium  content, ox id izing m a teria ls  and pH. A rch ive  
sam ples are retained to check fo r  com position  changes in ageing of the 
product.

R adiochem ical

Sam ples of the product are routinely m easured fo r  131I content using a 
calibrated quartz fibre  gamma e le ctroscop e  to m easure the 0. 364 MeV 
gamma ray. The ra d ioch em ica l purity is  p er iod ica lly  checked using a 
512-channel analyser.

INSTITUTE OF NUCLEAR SCIENCE,
NATIONAL TSING HUA UNIVERSITY,

HSINCHU, TAIWAN, REPUBLIC OF CHINA

1. GENERAL

Iodine-131 is  separated from  irrad iated  te llu r ic  acid  d isso lv ed  in 
sulphuric acid by adsorbing 131I on to a platinum plate. It is  then desorbed 
into dilute reducing agent solution by e lectro ly s is . This p rocess  is  sim ple,

2 4 1
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neat and easy to perform . It is  particularly suitable fo r  sm all- and medium- 
scale production of 1311.

2. EXPERIMENTAL PROCEDURE 

Irradiation

Target m aterial: 
Irradiation container: 
Irradiation condition: 
Irradiation tim e:

150 g telluric acid (Extra Pure Grade1). 
Aluminium can 4. 7 cm diam .X 9 cm. 
Neutron flux 4X 1012 n /cm 2 s.
30 h.

Chemical treatm ent

One hundred and fifty  gram s of irradiated te llu r ic  acid  is  d issolved  in 
400 ml of 1 N sulphuric acid. The platinum plate is  im m ersed in the telluric 
acid solution to adsorb 131I. A fter 24 h.the platinum is  taken out from  the 
solution and washed very  thoroughly with d istilled  water.

In a sm all e le c tro ly tic  ce ll, 0. 1% sodium  sulphite solution  is  p laced . 
The platinum plate on which the 131I is adsorbed is  inserted into the ce ll and 
is  m ade the cathode. Another sm all platinum plate is  used as anode. By 
applying 2. 6 ~  2. 8 V D.C., 131I is  desorbed into the solution of reducing agent 
within a few minutes. About 250 mCi of 131I is  obtained.

3. ASSAY AND QUALITY CONTROL

The ch em ica l analysis of the product is  ca rr ie d  out a ccord in g  to Oak 
Ridge National L aboratory  M aster A nalytical Manual 9073391-1~ 4. The 
rad ioch em ica l purity assay  is  m ade a ccord in g  to 9073392-1~ 6. The 
ch em ica l fo rm  of 131I is  determ ined by ascending paper chrom atography. 
Pharm aceutical control is  ca rried  out accord ing to Minimum Requirem ents 
of Radioactive Drugs, M inistry of Health and W elfare, Japan (1962).

4. CHARACTERISTICS OF THE FINAL SOLUTION

C hem ical form : 
Concentration: 
Specific activity: 
A cidity:
Iodate:

Nal in 0. 1% Na2S03 solution. 
5 m C i/m l.
C a rr ie r -fre e . 
pH = 7 ~  8.
< 1%.

Radiochem ical purity: > 99%.

1 Product o f  Kanto Chem ical Co. Inc. lapan.
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CENTRE D'ETUDES NUCLEAIRES DE SACLAY, FRANCE

1. GENERAL

The method of preparation, reported by Douis and Rosa [1, 2 ], consists 
of w et-treatm ent of a tellurous anhydride target to bring the iodine produced 
by irrad iation  to va len cies  correspon d in g  to a volatile  -  and th ere fore , by 
distillation , easily  recoverab le  -  product. The production is  based on the 
nuclear reaction  130Te(n, -y)i3iTe JI» 131I.

T ellurous anhydride d issolved  in a soda solution gives sodium tellurite 
■which is  converted into tellurate by oxidation. The iodine, which is assumed 
to be m ainly at valency I 5+ and I ' ,  must, if  su fficient H + ions a re  present, 
tran sform  to valency 1 °, which is  capable of d istillation .

To avoid the conversion of sodium tellurite into TeC>2, which precipitates 
a fter d irect acid ifica tion , p r io r  oxidation with H2O 2 in  the p resen ce  o f a 
catalyst was n ecessary ; sodium molybdate was selected fo r  the catalyst be
cause it was not liable to distil with iodine under the working conditions used.

A fter  the addition o f a su fficient amount of su lphuric a cid  to  obtain a
6 - 8 N solution, i. e. the optim um  concentration  fo r  the purpose of iodine 
d istilla tion , d istilla tion  is  then ca rr ie d  out. In th is way a solution with a 
s p e c ific  activ ity  o f 5 0 -1 0 0  m C i/m l is  obtained d irect ly .

2. E XPERIM EN TAL PROCEDURE

Irradiation

T arget:

T ellurous anhydride T eO s B .D .H . ,-m o re  than 99% purity, 
quantity: 1 6 0 - 180 g p er operation.
Irradiation capsule and conditions (F ig. 1):

Maximum

EL 2 Aluminium "cen tra l channel" capsule -  internal length
110 m m ; internal diam. 50 m m . C losed by crim ping. 
Maximum capacity: 180 g of target. Use of central hole: 
flux 7 X 10 12 n /c m 2 s.

EL 3 and TRITON Aluminium tube -  internal length 65 mm; internal diam.
22. 5 mm. C losed by crim ping. Maximum capacity: 53 g 
of target. Use of "heavy w ater" channel at E L -3 : flux 
1 ~ 2 X 1 0 13 n /c m 2 s. TRITON: flux ~  10*3 n /c m 2 s. 

SILOE Aluminium tube -  internal length 55 mm ; internal diam.
19. 9 mm. C losed by crim ping. Maximum capacity: 40 g 
of target. SILOE: flux ~  7 X 1013 n /c m 2 s.

A ctivity produced:

Iodine-131 activity, produced by irradiation  at 1012 n /c m 2 
m arized  below :

s, is  sum -
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A ctivity
(m C i/g  of target) 8 d 15  d Saturation

Te m etal 4 .8 5  7 .25  9 .70

T e 0 2 4 .37  6 .65  8 .75

F IG .l. Apparatus for the production o f  131I (front view)

Chem ical treatm ent

Separation method

A fter uncrim ping the irrad iation  tubes, the pow der is  poured into the 
dissolving bottle; 500 m l of 15% NaOH are introduced and the stirring system 
is  set in motion until dissolution  is  com plete. The sodium tellurite solution 
thus obtained in the d isso lv in g  bottle is  then passed  through a siphon con 
nection. The d issolv in g  bottle is  rinsed with 100 m l o f 15% NaOH and two 
portions o f d ou b ly -d is tilled  w ater (5 m l each), which then accom pany the 
te llu rite  solution. The rinsing is  com pleted with two m ore  portions of 
d ou b ly -d is tilled  w ater (20 m l each), which are  passed  into the d istilla tion  
flask  with the rem ainder of the solution.

A 5 -m l bu ffer solution o f M /40  sodium  carbonate and M /5  sodium  b i
carbonate is placed in the distillation receiver bottle, after which oxidization 
of the tellurite solution is  carried  out. F or this purpose 40 ml of 15% sodium 
m olybdate, then 70 m l of 110-volum e hydrogen perox ide  are  p laced  in the 
d istillation  bottle. A cid ifica tion  is  then ca rr ied  out by m eans of 240 m l of
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concentrated sulphuric acid  which m ust be care fu lly  poured in very  sm all 
portion s to avoid ex cess iv e  bubbling.

Reflux boiling  is  then ca rr ied  out in a stream  of nitrogen fo r  one hour, 
follow ed by distillation ; 50 m l of the final solution is  co llected , after which 
distillation is  stopped. An 131I solution of pH 8 -  10 is  thus obtained ca r r ie r - 
free  and a lso  free  of reducing agent.

Preparation of 131I in isotonic solution

A fte r  n orm al preparation  the su lphuric te llu ra te  solution  is  kept fo r  
24 h to a,llow a certain  quantity of 131I to re form . A fter p lacing 3 m l of
0. 025 M NaOHH- 0. 3 m l o f M thiosulphate in the re ce iv e r  and adding 70 m l 
of hydrogen peroxide the solution is  re flux-boiled  fo r  one hour. D istillation 
(F ig. 2) is then carried  out in the same manner and 30 ml is  recovered . This 
solution is  recuperated  in a bottle containing 3 m l of an isoton ic  phosphate 
bu ffer.

FIG .2. Apparatus for the production o f 1S1I (distillation area)

Reagents n ecessa ry  fo r  the preparation:
NaOH at 15%.
Sodium m olybdate at 15%.
C arbonate-b ircarbonate bu ffer D

Isotonic phosphate bu ffer at 9000 7 /m l of P NaH2P 04  21 g
NaCl 45 g.
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B ring up to 500 m l with d ou b ly -d is tilled  w ater. Adjust the pH to 6 . 3 
with 4 N NaOH. F ilte r . S terilize  fo r  half an hour at 1 k g /c m 2.

Equipment

C om posed essen tia lly  of:
1 d isso lv in g  bottle to which is  fitted a g lass  rotary  s t ir re r .
1 g lass distillation  flask  with severa l plunger tubes surmounted by Vigreux 
pins and a reflux condenser.
1 re ce iv e r  flask, with a plunger tube.
Several siphon connections fo r  tran sferrin g  the solution.

3. ASSAY AND QUALITY CONTROL

A fter  one com plete  p r o c e s s  the fo llow in g  op era tion s a re  p e r fo rm e d : 
R adioactiv ity  m easurem ent.
Spark spectrography, to determ ine the m etallic im purity content. This 

is  generally low er than 5Mg/ml.
Chem ical control [3 ], to verify that the 1311 is indeed present in the form  

of Nal and not in an oxidized form . Chrom atography is  ca rried  out on 
Whatman No. 1 paper dipped in a chrom atographic m ixture of three volum es 
of methanol to one volume of water. The Rf of sodium iodine is  1, of sodium 
iodate 0 .46 . The respective positions of the two iodized compounds are 
shown by the. brown colour form ed by the iodide-iodate reaction  in an acid ic 
m edium . If we com pare the resu lts  with an autorad iogram  or  re co rd  the 
radioactivity along the chrom atogram  we can con firm  that there is  no iodate 
in the sodium iodide ( 131I) solution.

4. CHARACTERISTICS OF THE FINAL SOLUTION

R eference: 131I S - l  -  Solution of sodium iodide ( 131I), ca r r ie r -fre e , 
non-injectable

A sterile , aqueous solution of sodium iodide N a131I, pH 7 -1 0 ,  meeting 
the follow ing specifications:
Radioactive concentration, m easured to within 5%: 2 0 -3 0  m C i/m l average;

100 m C i/m l maximum.
Radioactive purity: 13i l  content > 99. 9%.
R adiochem ical purity: Iodides content >95%.
Specific activity: Above 1 C i/m g .
C om position  o f the solution : A s indicated in the F ren ch  P h arm acopoeia :

Sodium  ra d io iod ide  unw eighable quantity 
A nhydrous N a2C 0 3 0. 26 m g
A nhydrous NaH CQ3 1. 68 m g
A nhydrous N a2S203  1. 50 m g
D istilled  w ater 1 m l

No undesirable ch em ica l im purities
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R eferen ce : 131I S-2 -  Solution of sodium  iod ide ( 131I) at 2 m C i/m l, 
in jectable

An aqueous, sterile , isotonic and pyrogen -free solution of sodium iodide 
Na!3il in a phosphate buffer, pH 7, meeting the following specifications: 
Radioactive concentration, m easured to within 5%: 2 m C i/m l.
Radioactive purity: 131I content >99. 9% (gamma spectrum  charac

te r is tic  of 1311).
Radiochem ical purity: Iodide content > 95%.
Specific activity: Above 1 C i/m g.
C om position  of the solution : Sodium  rad ioiod ide

NaH2P 0 4, H 20  
NaCl 
NaOH pH

N a2S20 3 , 5HzO 
D istilled  w ater

S terile .
P y ro g e n -fre e .

R e fe ren ce : 131I D -  C apsu les of sodium  ra d io iod ide  ( 131I)
Coloured capsules of assim ilab le  gelatine containing, after evaporation 

o f a c a r r ie r - fr e e  sodium iodide Na131I solution, a diagnostic dose of 131I 
and m eeting the follow ing specifications:
R adioactivity  p er  capsu le, m easured  to within 5% and indicated by m eans

o f a co lou r  cod e : up to 50 m C i.
Radioactive purity: 131I content >99 . 9% (gamma spectrum  charac

te r is tic  of iodine).
R adiochem ical purity: Iodides content >95%.
S pecific activity: Above 1 C i/m g.

R E F E R E N C E S

[1 ] DOUIS, M. . ROSA, U. , Perfectionnements apport£s aux procfid£s pour la production de l 'iod e  131 & 
partir des composes du tellure, P. V. No. 824525 - French Patent BF No. 1262615, Paris du 15 Avril 1960.

[2 ] DOUIS, M. , ROSA, U. , A new method for iodine-131 production from pile irradiated tellurium dioxide, 
Energia nucleare 8 10 (Oct. 1961)

[3 ] COHEN, Y. , A new class o f  medicament - radioactive isotopes, Produits Pharmaceutiques, Rapport CEA 
No. 2150 (1962).

CENTRAL INSTITUTE FOR PHYSICS, BUDAPEST, HUNGARY

1. GENERAL

P roduction  of l31I is  based on the n uclear rea ction  130Te(n , -y)13lmTe 
-LL»131Te JLl»131I. The irradiated tellurium  dioxide target is  d issolved in so
dium hydroxide solution; sulphuric acid  and fe r r ic  sulphate are added and

unw eighable quantity 
4. 2 m g 
9 m g
quantity su fficien t to 
give a pH o f 7 
2. 48 m g 
1 m l
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the c a r r ie r - fr e e  iodine is  d istilled  into a re ce iv e r  containing dilute sodium 
hydroxide solution.

2. EXPERIM ENTAL PROCEDURE 

Irradiation

Chem ical treatm ent

The irradiated  target is  forw arded  through an a ir  lo ck  into a box h er
m etica lly  c lo sed  and fitted with sp ec ia l shielding, w here it is  opened. 
Tellurium  dioxide is  poured into the distillation bottle placed into a separate 
box. D istilla tion  is  ca rr ie d  out a fter adding concentrated  sulphuric acid . 
Iodine is  co llected  in a re ce iv e r  containing sodium hydroxide. The product 
is  sealed  in am poules and s te r ilized  in an autoclave at 120°C fo r  40 m in.

3. ASSAY AND QUALITY CONTROL

The purity of the target is  prev iou sly  checked with the aid of sp e ctro - 
m etric  methods and activation analysis. Aliquot sam ples from  the product 
are taken and the purity is  controlled  spectrom etrica lly  and, with the aid of 
a m ultichannel pulse height analyser, by com paring the spectrum  with that 
o f a "m ock  iod ine" standard. Sam ples fro m  each charge are  checked fo r  
h a lf- life . pH and sterility  are con trolled  in the usual way.

4. CHARACTERISTICS OF THE FINAL SOLUTION 

R adiochem ica l purity: 99%.

ATOMIC ENERGY ESTABLISHMENT TROMBAY, BOMBAY, INDIA

1. GENERAL

Iodine-131 is produced by the fiss ion  of uranium, as w ell as by the 
therm al neutron irradiation  of tellurium , tellurium  dioxide or te llu ric  acid. 
At Trom bay, 131I is  produced on a routine basis by the neutron irradiation of 
tellurium  metal.

Target:
Flux:
T im e of irradiation : 
Container:

Tellurium  dioxide, (BDH /purity 99%). 
4 X 1013 n /c m 2 s.
200 h.
Quartz ampoule.
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The 131I is  re co v e re d  from  the irrad iated  tellu riu m  by d isso lv in g  the 
target in a m ixture of ch rom ic and sulphuric acid, follow ed by reduction of 
the iodate with oxalic acid. The iodine is  distilled into sodium sulphite solu
tion. The product is  purified by one m ore oxidation reduction cycle  followed 
by d istillation . The d istillate is concentrated a fter adjusting the pH to ~  8 
to bring 131I into sodium iodide.

2. EXPERIM ENTAL PROCEDURE 

Irradiation

T arget: Pure tellurium  m etal pow der.
In A PSA RA : 50 g in 1 capsu le , type A (s cre w -ca p p e d  IS  alum inium  can, 

73 m m  high and 26. 5 m m  diam . )
F lux: 2 to 3 X 1 0 12 n /c m 2 s.
Irrad iation  p er iod : 4 w eeks.

In CIR: 25 g in 1 capsule, type C (cold-welded 2S aluminium can, 44mm
high and 22 mm diam.)
Flux: 4 to 6 X1013 n /cm 2 s.
Irradiation period: 4 weeks.

Chemical treatment

The irradiated can containing 50 g Te powder is  opened, and the contents 
are transferred  into flask F  ̂ (see F ig. 1). The oxidation mixture consisting 
of 300 m l of 15 N chrom ic acid solution, and 700 m l of 50% H2S04 is  loaded 
into flask  F x . The m ixture is  then refluxed fo r  two hours using in fra -red  
lamps for  heating the flask. The stopper of the reflux condenser (C i) is kept 
open while the stopcock S2 is  kept closed . A fter dissolution, the mixture is 
cooled  fo r  two hours by passing water through the cooling co il. A fter cooling, 
165 g of oxa lic  acid  dihydrate a re  added to redu ce  the e x c e s s  o f ch ro m ic  
acid. A fter about 1 h the water circu lation  in the cooling co il is  stopped and 
the heating is  started by switching on the in fra -red  lam ps. Ten m illilitres  
of 0. 1 N NaOH is  kept in flask  F 2. The stopcock  S2 is  opened now and the 
distillation is carried out till no m ore iodine distils into flask F2. (As shown 
by the reading of the ion -ch am ber kept near F j . )  M ore than 90% of iodine 
d istils  into flask  F 2 .

The contents of flask F2 are  then made about 16 N with respect to 
sulphuric acid  and the solution is  heated to boiling  point. P otassiu m -per
manganate solution is  added dropw ise until a permanent pink co lou r is  ob
tained. B oiling  is  continued fo r  15 m in m ore . At th is stage 5. 0 m l of a 
solution of 1 m g /m l sodium sulphite is kept in flask F 3. Oxalic acid is  then 
added to flask  F2 dropw ise till the pink colour disappears. Iodine w ill start 
distilling and the distillation w ill be over in about 30 min.

The pH of the d istillate is  adjusted to about 8 by adding hydroxide, and 
the solution is  concentrated to a sm all volum e to obtain a radioactive con 
centration of not le s s  than 10 m C i/m l. F inally the solution is  tran sferred  
into a storage bottle.
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F, Dissolution flask J,K , L Receptacles for ends o f  reagents lines

f2 Purification flask DF Dropping funnel

h Concentration flask FC Fractionating colum n

C l* C 2* C 3 Condensers Y Capillary tube (used for adjusting pH)
C C ooling c o il MN, PR Waste lines
IR ,- IR , Infra-red lamps IB Intermediate waste bottle
I M ,-  IM 2 Isomantles SB Storage bottle
IC l  IC 2 Ion chambers U Socket for N and R
S i , S2 Stopcocks X Stopcock  connecting U to IB
T,. T 2 Traps ss See-saw
ST Safety trap

F IG .l. Iod in e -131 production plant



3. ASSAY AND QUALITY CONTROL

The activ ity  is  assayed  by taking the ion current m easurem ent of 
a known volum e of stock  solution in a ca librated  ion  cham ber.

Radionuclide identification is  perform ed by checking the 0. 36 MeV (80%) 
gamma peak. The gam m a-ray spectrum  is examined fo r  any other gam m a- 
emitting im purities.

Radiochem ical purity

This is  determ ined by running a paper chrom atogram , using iodide and 
iodate carrier* and a solvent mixture of 75% methanol and 25% water adjusted 
to pH 7 - 8  with potassium carbonate.

Rf value fo r  I" = 0. 75 
Rf value fo r  IO 3 = 0. 50 
Rf value for  IO 4 = 0. 00 

The iodide content must be m ore than 95% in a typical batch.
The total solid content is  determ ined by evaporating a known volum e of 

the stock solution and weighing the residue.
Any heavy m etal im purities are estim ated co lorim etrica lly .

Total reducing agents

A known amount of stock solution is  treated with a known excess of p er 
manganate solution and the excess  of permanganate is  back-titrated  against 
standard oxalic acid  solution. The reducing agent content is  expressed  in 
m illilitre s  of N /10  KMn0 4  p er  m l N a131I solution.

4. CHARACTERISTICS OF THE FINAL SOLUTION

Code IOM -1 (M edical)

Iodine-131 as ca r r ie r - fr e e  sodium iodide in dilute sodium sulphite solu
tion. pH 8. Solution autoclaved. Radioactive concentration = 1 0 -5 0  m C i/m l.

Code IOM -2 (M edical)

C a r r ie r -fr e e  sodium  iod ide absorbed  on anhydrous sodium  phosphate 
in gelatine capsu les.

A ctiv ity  p er  capsu le = 50 pC i.

Code 101

C a r r ie r -fr e e  sodium  iodide in dilute sodium  sulphite solution pH 8. 
R adioactive concentration  1 0 -5 0  m C i/m l.
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JAPAN ATOMIC ENERGY RESEARCH INSTITUTE, 
TOKAI, IBARAKI, JAPAN

1. GENERAL

Both wet and dry distillation methods are employed. In the wet distilla
tion method, iodine is  released  from  the irradiated tellu ric  acid target d is
solved in concentrated sulphuric acid and ammonium persulphate. The dry 
method em ploys tellurium  dioxide target, and iodine is  distilled from  the ir 
radiated target under a stream  of nitrogen.

2. EXPERIMENTAL PROCEDURE

A. Wet distillation method (F igs. 1, 2)

F IG .l. Apparatus for the wet distillation method

Irradiation

Target m aterial: 10 g of te llu ric  acid (H 2T e 0 4); purity > 99%. 
Container: Cold weld-type aluminium capsule (F ig. 3).
Flux: ~ 3X 10 i3  n /cm 2s (JR R-2).
Irradiation tim e: 130 h.
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FIG .2. Arrangement o f  the apparatus for 1311 production in the wet distillation method

a . Suction bottle
b. Distillation vessel
c .  C ollector bottle o f  product
d . Trap bottle
e . Mantle heater

{

Electro-m agnetic valve

FIG .3 . Aluminium capsule cutter

Chem ical treatm ent

The irradiated  target is  d issolved  in 18 N H 2SO4 , and the iodine is  
d istilled  with the -addition o f am m onium  persulphate. The d istilled  iodine 
is  co lle cted  in 0. 1% NaOH and 0. 05% sodium  hydrogen sulphite.

Ten gram s o f irrad iated  target are  d isso lved  in 200 g o f 18 N H2S 0 4. 
Add one gram  o f am m onium  persulphate.

Iodine is  d istilled  under the n itrogen  stream  by heating.
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D istilled iodine is  collected  in the co llector  solution (10 ml, mixed solu
tion of 0. 1% NaOH and 0. 05% sodium hydrogen sulphite). Uncollected iodine 
is  then collected  in the second co llector  solution.

T ra n s fer  the co lle c to r  solutions into the flask , then adjust the acidity 
to  pH 7 -  9 by the addition of 0, 1% NaOH.

C hem ical fo rm s  are  determ ined by paper chrom atography:
F ilte r  paper: T oyo  filte r  paper No. 51A 
Reagent: 7 5% m ethanol solution
T im e: 3 h (20 cm )
R f : IO j —  0. 4 -  0. 5; I" —  0. 7 -  0. 8; Ig —  > 0 . 9

B. D ry d istilla tion  method (F ig. 4)

FIG.4 .  Arrangement o f  the apparatus for 1311 production in the dry distillation method

a . Quartz colum n e . Electric furnace
b. C eram ic boat f .  Carrier gas inlet
c .  Glass cap g . Carrier gas outlet
d . C ollector bottle o f  product

Irradiation

T arget m ateria l: 1 0 -5 0  g of tellurium  dioxide (T e 0 2 ) (JISGR1), 1 0 0 -2 0 0  
m esh  pow der.

Container: P laced in the polyethylene sheet, then in the polyethylene
capsule.

Flux: 2 -3 X 1 0 H  n /cm ^s (JR R -1).
Irradiation tim e: 15 h (5 hX3 d).

Chem ical treatm ent

By the d ire ct  d istilla tion  o f the irrad ia ted  target, iodine is  co lle c te d  
in the c o lle c to r  solution (0. 05% NaOH and 0. 1% NaHSOs).

P lace  the irrad iated  target in the p orce la in  v esse l, then in the quartz 
heating tube (50 m m  diam . and 500 m m  long).

Heat fo r  5 h at 750°C under the nitrogen or a ir  stream . The distilled  
iodine is  collected  in the co lle c to r  solution (50 m l of 0. 05% NaOH and 0. 1% 
NaHSOs ) with bubbling by c a r r ie r  gas.

1 Japan Industrial Standard Reagent Grade.
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Determination of chem ical form s is  made by paper chromatography. The 
form , I ", w as the only one detected by chrom atography with 75% methanol 
solution.

3. ASSAY AND QUALITY CONTROL

The contents of total so lid s , non-volatile  m ateria ls, and heavy m etals 
are determ ined by the follow ing m ethods:
Total solids: Evaporation and drying at 110° C of one m illilitre  sample solution. 
N on -vola tile  m a teria ls : E vaporation  and drying at 6 0 0 °C o f one m illi litre  
sam ple solution.
Heavy m eta ls: C om parison  o f co lou r  developm ent with the standard lead 
solution  by the addition o f hydrogen sulphide.
The tellu riu m  content is  determ ined by the p o larograp h ic  m ethod.
The routine assay of the product is  made by a w ell-type ionization chamber; 
fo r  calibration, a 47T /3—y coincidence counter is  employed.
The amount of c a r r ie r  is  determ ined by the spectrophotom etric method, 
utilizing iod in e-starch  reaction.

4. CHARACTERISTICS OF THE FINAL SOLUTION

. C hem ical form : Iodine in dilute thiosulphate solution.
pH: 7 - 9 .
R adiochem ical purity: > 99%.
Specific activity : C a rr ie r -fr e e .

INSTITUTT FOR ATOMENERGI, KJELLER, NORWAY

1. GENERAL

In a therm al neutron flux i31I is  produced from  tellurium dioxide accord 
ing to the reaction: 130Te(n, •y)131Te 2^min >131I- The iodine produced is  separ
ated from  the target m ateria l by m eans of dry d istilla tion  at 700°C  and is  
absorbed  in dilute sodium  hydroxide solution, giving a slightly alkaline 
solution o f N a 131I.

2. EXPERIM ENTAL PROCEDURE 

Irradiation

Target m aterial: T eO z, 99. 6% pure, Johnson, Mattheyfe Co., pretreated
by sintering at 650°C and re-ground.
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Amount:
Tim e of irradiation: 
Container:
Flux:
Side reactions:

300 g.
2 weeks.
Aluminium can with quartz inner container.
About 2X1012 n /cm 2 s.
E ffects  of side reaction s  are con sidered  neglig ib le.

C hem ical trea tm ent
The irradiated tellurium  dioxide is  heated to 700°C in a stream  of air. 

The air is circulated through a sm all absorption column, where the released 
iodine vapour is  absorbed  in a dilute sodium  hydroxide solution. The 
processin g  tim e is  around 3 h. Sodium thiosulphate is  added to the solution 
fo r  protection  against oxidation of the 131I ion.

3. ASSAY AND QUALITY CONTROL

R adioactiv ity , re la tive  scin tilla tion  counting o r  G e ig e r -M u lle r  counting.
Isotop ic  purity con tro l, /3 -absorption  an a lysis , 7 -sp ectrog ra p h y .
pH.
C hem ical purity con tro l, em iss ion  spectrograph y,

dry m atter content (evaporation ). 
R ad ioch em ica l purity con tro l, rad iochrom atography.
S p ecific  a ctiv ity  con tro l, iodine content (sp ectroph otom etry ).
T ox ic ity  and pyrogen  con tro l, test on an im als.

A ll p rodu cts are subject to individual in spection  and approval by 
ph arm aceu tica l p erson nel.

4. CHARACTERISTICS OF THE FIN AL SOLUTION

IO -  sodium  iod ide in dilute sodium  thiosulphate solution . 
R adioactive concentration : 20 -  100 m C i/m l.
Isotop ic purity: G rea ter than 99. 9%.
R adiochem ical purity: 100% as iodide + iodate, at least 95% as iodide.
Specific activity : 10 000 m C i/m g  I.
pH: 8 -1 0 .
Total solids: L ess  than 4 m g /m l.
Chem ical purity: A s, Se, Te, Pb less  than 5/ug/ml. Other metals

spectrographically determined, less than 10 /ug/ml.

ISI -  sodium iodide in isotonic solution,, sterilized.
pH: 7 -8 .
Total solids: Approx. 15 m g/m l.
Other specifications as fo r  IO.

IOR -  sodium  iod ide  in sodium  hydroxide solution , without reducing 
agents.
R adioactive concentration : 1 5 0 - 200 m C i/m l.
T ota l so lid s : L e ss  than 2 m g /m l.
Other sp ec ifica tion s  as fo r  IO.
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R E F E R E N C E S
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INSTITUTE OF NUCLEAR RESEARCH,
SWIERK NEAR OTWOCK, POLAND

1. GENERAL

Iodine-131 is  obtained by steam  distillation  of irradiated  tellurium  di
oxide target. D istilla te , containing elem entary  iodine, is  absorbed  in 
various solutions depending on the final product required. The yield is 85-95%.

2. EXPERIMENTAL PROCEDURE 

Irradiation

T arget: Tellurium  dioxide, analytical grade, 160 g.
Flux: 2 X 1 0 13 n /cm 2 s.
T im e of irradiation: 4 to 6 weeks (rea ctor  working 86 h per week at full power).
Container: Aluminium capsule closed  by welding.
A ctivity obtained: 5 Ci of 1311.

Chem ical treatm ent

One hundred and sixty gram s of irradiated tellurium  dioxide target are 
d issolved in 20% NaOH in the presence of sodium molybdate at room  tem pera
ture under pulse stirring . The resulting solution is  placed in a distillation  
flask and 30% H2O2 and H2S04 are  added to produce 3. 0 M concentration of 
sulphuric acid, then H20 2 is  added again. The distillation flask is  connected 
with a sou rce  o f n itrogen  which p a sses  through the apparatus at a rate of 
2-3 bubbles per second during the whole operation and with a system  of con
d en sers . The flask  is  fitted with a reflux condenser, w hose upper end is  
connected to a yielding condenser. The distillate re ce iv e r  is  filled  with an 
iod ine-absorb ing solution.

The solution in the d istilla tion  flask  is  refluxed fo r  one hour, then the 
reflux condenser is  turned off and the distillation  begins. A fter co llectin g  
an appropriate  volum e o f the d istilla te  the d istilla tion  can be in terrupted  
by turning on the reflux condenser. Thus the product can be co lle cted  and 
the re ce iv e r  can be re filled  with the absorbing solution.
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The amounts of reagents required fo r  the p rocessin g  of typical amounts 
of T eO z are:

TeOz NaOH (20%) Na2M o04 (50%) H20 2 (30%) H2 S04 (98%) H2Oz (30%)
(g) (m l) (m l) (m l) (m l) (m l)

105 315 25 46 137 17

160 480 48 70 208 25

210 630 50 92 274 33

265 795 73 116 345 41. 5

The d istillation  is  ca rried  out so that the absorbing solution is  diluted 
ten tim es with the distillate (e. g. volum e of absorbing solution, 5 m l; final 
volum e after distillation , 50 m l).

The operations are carried  out from  behind a lead shield 5-10 cm thick.

3. ASSAY AND QUALITY CONTROL

The activity of the final product is  m easured with an ionization cham ber 
calibrated with a standard.
The chem ical purity is determ ined spectrally.
The radiochem ical purity is  determ ined by paper chromatography.
The radiation purity is  determ ined by gamma spectrom etry.

4. CHARACTERISTICS OF THE FINAL SOLUTION

Note: A ll the final product com positions below  show the amount of 
sodium salts in 1 m l o f d istilled  water.

Sodium iodide For labelling
M edical 

(oral and for in jection a)

Carrier-free NaH2P 04.H 20 4 .1 4  mg

Final product com position NaOH 2 mg NaCl 6 .43  mg

Na2S203 1. 58 mg

Na2C 0 3 0. 26 mg NaOH pH 7-9

NaHC03 1. 68 mg

a For injections: sterile, pyrogen-free
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CHARACTERISTICS OF THE FINAL SOLUTION (cont. )

R adiation  purity : 
R a d io ch em ica l pu rity : 
S p ecific  a ctiv ity : 
Im p u rities  A s, Pb, T e : 
pH:
R ad ioactive  con cen tra tion :

99 .9%
95%
10 C i/m g
5 ppm
7 -9
T e ch n ica l 30 -1 5 0  m C i/m l 
M ed ica l (o ra l)  20 -30  m C i/m l b,c 
M ed ica l ( fo r  in ject ion ) 2 m C i/m l

k On request up to 100 m C i/m l 
c  A ccuracy o f  determinations ± 7%

R E F E R E N C E S

[1 ] Radioaktywni izotop I - 131, Atomizdat (1960).
[2 ] DOUIS, M. , ROSA, U. , Energia Nucleare (1961) 8623.
[3 ] COUSTANT, R. , J. inorg. nucl. Chem. 7 (1958) 133.
[4 ] RUPP, A. F. , ORNL 1047 (1951).

' [5 ] TAUGB0L, K. . SAMSAHL, R. , Jener Report No. 34 (1954).
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INSTITUTE FOR ATOMIC PHYSICS, BUCHAREST, ROMANIA

1. GENERAL

The nuclear reaction s em ployed are : 130Te(n, y) 131T e, fo llow ed  by 
131Te JL-» 131I. The separation of i31I was made by distillation , after target 
dissolution , acid ification  and oxidation.

2. EXPERIM ENTAL PROCEDURE [1-3]

Irradiation

T arget: T e O s purum , the amount depending on the request.
F lux: 1 X 1013 n /c m 2 s.
T im e o f irrad iation : 160 h.
C ontainer: Alum inium  cans.
Side rea ction s : i24Te(n, y)i25Te and 126Te(n, Y)127Te.
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Chemical treatment

This is  ca rr ie d  out in a lead box having a w all th ickness of 100 m m . 
T ra n s fe r  irrad ia ted  target to lead box .
D isso lv e  with NaOH 10% solution in a beaker.
F ilte r  in the d istilla tion  v e sse l.
Add concentrated  H2S 0 4 and 2 -3  m l H20 2.
D istil under reduced p ressu re . R eceive distillate in NaOH and som e m illi
gram s of Na2S203.
Concentrate the solution to the desired  specific activity.
Neutralize the excess  NaOH with HC1.
Isotonization (for m edical use).
T ransfer to delivery bottle.

3. ASSAY AND QUALITY CONTROL

The rad ioch em ica l purity is  con trolled  by paper chrom atography; the 
ch em ica l purity, pH, and sterility  are con trolled  in the usual way.

4. CHARACTERISTICS OF THE FINAL SOLUTION

The total activ ity  d e livered  w eekly am ounts to 2 0 0 0 -3 0 0 0  m C i. De
liv e r ie s  of rad ioiod ine are  usually m ade tw ice  a week.

R E F E R E N C E S
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[2 ] CHIOTAN, C. , DEMA, I. , FRANGOPOL, P. /  GIRD, E. , VOIC'u, V. , Revista de Chimie 12 (1962).
[3 ] CHIOTAN, C. , NASCUTIU, T. , ZAMFIR, I. , Studii si cercetSri de fizic3 Acad. Republ. Pop. Rom. 1 

(1962).

JUNTA DE ENERGIA NUCLEAR, MADRID, SPAIN

1. GENERAL

The irradiated tellu ric acid target is dissolved in phosphoric acid in the 
presen ce  of hydrogen peroxide, and iodine is  d istilled  under a nitrogen 
stream  [ 1 ] .
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2. EXPERIM ENTAL PROCEDURE

Irradiation

Target m aterial: 
Container:
Flux:
Irradiation  tim e:

300 g te llu ric  acid o f analytical grade quality.
Leaktight aluminium container, 24X26 mm diam.
4 X 1012 n /c m 2s (JEN -1).
Tw o w eeks, equivalent to 80 h o f continuous operation  
at 1 MW.
A pproxim ate y ie ld  is  1000 m C i.

C hem ical trea tm en t

Separation method

The irradiated  target is  d istilled  in the p resen ce  of phosphoric acid  in 
an oxidizing medium and a stream of nitrogen. The apparatus used is shown 
in F ig. 1 and the entire p rocess  com prises the following steps:

NITROGEN

F IG .l. Iodine-131 production process

The irradiated te llu ric  acid  target is placed in the flask (A) which con
tains 1 litre  of concentrated H 3P O 4 . Add 100 m l of 30% H2O2 (analytical 
grade), and heat the flask  gently to decom pose hydrogen peroxide while 
passing a gentle stream  of nitrogen.

R aise the tem perature to initiate the d istillation  of w ater. The w ater 
entrains all the iodine which is  collected  in the re ce iv er  (C). The trapping 
solution for  the iodine is  a mixture of 1 m l of 0. 1 M NaOH and 2 m l of 0. 1 M 
N a2S20 3 , introduced in the re ce iv e r  (C) at the beginning of the operation.
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D istilla tion  with le s s  than 18 m l o f w ater w ill ensure the com plete  iodine 
co lle ction .

T ransfer the solution containing iodine to a pen icillin  bottle which con
tains 2 m l of phosphate bu ffer solution; phosphate bu ffer is  prepared by the 
neutralization  o f saturated NaH2PC>4 solution  with NaOH with subsequent 
filtration . A conductom etric determ ination is  then made to establish what 
volum e of the solution w ill be n ecessa ry , when made up to  20 m l, to  y ield  
the same conductivity as a solution of 9 g NaCl/1.

If the iodine is  to be collected  in an alkaline medium without a reducing 
agent, 2 m l o f 1 M NaOH are introduced into the re ce iv e r  (C).

Apparatus

The production is  ca rr ied  out in an en closu re  having the sam e d i
mensions and overall design as that used for  32p production. The differences 
are the following;

The a ir-tigh t box is  surrounded by a shield m ade of lead b r ick s  5 cm
thick  (see  F ig . 2).

2 6 2

FIG. 2 . Unit for the production o f  iodine-131



The ventilation system  n ecessa ry  to clean  the inner atm osphere of the 
box  o r  to keep it at a negative p ressu re  is  connected to a trap loaded 
with silver-im pregnated  active carbon to fix  the iodine that may escape 
eventually. *
B esid es the equipment d escr ib ed  above, the apparatus includes som e 

ancillary parts, such as funnels (E - l  to E -6), siphoning vacuum balls (M -l) , 
a  burette (B), a sampling pipette P, by -pass stopcocks (8, 13), liquid wastes 
rece iv ers , etc. (Fig. 1).

3. ASSAY AND QUALITY CONTROL

No chem ical purity determ ination is  made, except the p eriod ica l check 
of tellurium  by em ission  spectroscopy.

R adioactive purity is  determ ined by gamma sp ectrom etry 1 .
H alf-life  m easurem ents are made from  tim e to tim e.
Radiochem ical purity controls are carried  out in accordance with British 

Pharm acopoeia [2] . This involves study of the presence of iodate by means 
o f ascending chrom atography in methyl a lcohol and water (3 : 1).

Autoradiography is used to loca lize  radioactivity on the chrom atogram s 
[2 , 3] .  The Rf values given in re feren ce  [3] fo r  iodide and iodate are adopted. 

A ctivity m easurem ents are made with an ionization ch am ber1.
The apparatus is  p eriod ica lly  checked with solutions of absolute standards 

m easured by 4jrj3—y coincidence. In general, an e rro r  of 5 -  10% is  allowed. 
In special cases the e rro r  may be le ss  than 5%.

4. CHARACTERISTICS OF THE FINAL SOLUTION

Sodium iodide, 131I, ca r r ie r - fr e e , non-injectable 2 '

Sodium iodide solution  in OHNa, without reducing agents m eeting the 
follow ing sp ecifica tion s :
R adioactive purity: 1311 content > 99. 5%.
R adioch em ica l purity: Iodide content > 95%.
R adioactive concentration : M axim um  20 m C i/m l.
S pecific  activ ity : > 1 C i/m g .

Sodium iodide, 1311 ,. c a r r ie r - f r e e , in jectable 2

Neutral (pH 6- 8), sterile , isoton ic and p yrogen -free  solution of sodium 
iodide in phosphate bu ffer m eeting the follow ing specifications:
Radioactive purity: 131I content > 99. 5%.
Radiochem ical purity: Iodide content > 95%.
Radioactive concentration: 1—10 m C i/m l.
Specific activity: > 1 C i/m g .

1 See the Section on 32P provided by the Junta de Energfa Nuclear, Madrid, Spain.
2 ORTEGA, J. , Technique for the preparation o f  carrier-free radioiodine ( 131I) from neutron-irra- 

diated telluric acid , Iod ine-131. Spanish patent No. 287. 350.
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Sterility: Sterilization is carried out in an autoclave at 120°C
for about 1 h.

Analysis of pyrogens: See footnote1.
Isotonicity: Adjusted by means of conductimetric measurements.

R E F E R E N C E S
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[2 ] BRITISH PHARMACOPOEIA 1958, The Pharmaceutical Press, London (1958) 608.
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THE RADIOCHEMICAL CENTRE, 
AMERSHAM, BUCKS. , UNITED KINGDOM

1. GENERAL

Iod in e-131 is produced by the neutron irradiation of tellurium  according 
to the nuclear reaction 130Te(n, y)131Te JL» 131I. The iodine is separated from  
the target m aterial by dry distillation at 800° C and trapped in dilute sodium 
hydroxide solution.

2. EXPERIMENTAL PROCEDURE

Irradiation

Target m aterial: 2 kg natural Te0 2 , Johnson Matthey Co. L td ., puri
fied by sintering at 700° C and then re-ground. 

Irradiation container: C luster of aluminium cans each sealed by argon arc
welding.

Irradiation conditions: Flux 5 XIO*2 n /c m 2s for 7 to 17 d.

Chem ical treatm ent

The target m ateria l is  purified  by heating to 7 00° C fo r  8 h to rem ove 
volatile im purities (m ainly Se0 2 ). A fter irradiation  the T e0 2  is  heated to 
800°C in a stream of nitrogen. Under these conditions the iodine is released 
from  the matrix of the target, as vapour which is then trapped out in sodium 
hydroxide scrubbers. The product is  stabilized against radiolytic oxidation 
by the addition of sodium thiosulphate.

1 See the Section on 32P provided by the Junta de Energfa Nuclear, Madrid, Spain.
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3. ASSAY AND QUALITY CONTROL

Chem ical purity, As, Pb, Te and Se content determined.
R adioisotopic purity, determ ined by y - spectrom etry.
Radiochem ical purity, 131I in the .form of IODIDE determined by e lectrophoresis . 
Specific activity -  determ ined p eriod ica lly . 1

4. CHARACTERISTICS OF THE FINAL SOLUTION

IBS. 1 Iodine-1312

Chemical form :

Specific activity: 
Radioactive concentration: 
Radioisotopic purity:

Radiochem ical purity: 
Chemical purity:

Total solids:

pH:

Sodium iodide in dilute sodium hydroxide solution 
stabilized with sodium thiosulphate.
C a rrier-free ; 10-30 C i/m g iodine.
Up to 200 m C i/m l.
No other radioisotopes detectable by 
y -  spectrography.
99% as iodide; not m ore than 1% as iodate3.
As and Pb < 5 ppm.
Te and Se < 10 ppm.
Sodium hydroxide and sodium thiosulphate (10 to 
15 m g/m l).
8 - 1 1 .

OAK RIDGE NATIONAL LABORATORY, 
TENN. , UNITED STATES OF AMERICA

1. GENERAL

Iodine-131 is  produced by fiss ion  o f 235U in an alum inium -clad fuel 
cylinder (fission  yield 2. 9%). Fixed p rocess  equipment at the ORNL Iodine 
F acility  is  used to d isso lve  the aluminium, and to d istil and red istil iodine.

1 Accompanying the main nuclear reaction:

130T efn .yl131Te I31I
are two concurrent reactions

126Te(n ,y)127T e —> 1271 (stable)

128Te(n ,y)129T e —► 129I (very long-lived) 
which tend to lower the specific activity o f  th e131I. The specific activity o f  each batch produced is ca l
culated and checked experimentally from time to time.

2 British Patent No. 763 865.
3 Carrier free sodium iodide - 13i.I in aqueous solution is oxidized by its own radiation to form iodine 

and iodate. Sodium thiosulphate is added to prevent this and to preserve the iod in e-131 as iodide. Sodium 
thiosulphate is itself oxidized at a rate proportional to the radioactive concentration. An amount o f  sodium 
thiosulphate is added equal to 5 x l0 * 4 m M /m Ci iod in e-131. This concentration ensures that some reducing
agent is present in the solution throughout the life o f  the iod in e-131.
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In further purification , iodine is oxidized to iodate with KMn04 and H2 SO4, 
then reduced to elem ental iodine with concentrated H3PO3 and H20 2 and d is
tilled. The product solution is  neutralized with NaHCOg and adjusted top H 8.

2. EXPERIM ENTAL PROCEDURE

Irradiation

A n A l-c la d  fuel cy linder com posed of 5 g of 93% 235JJ alloyed with 31 g 
o f aluminium (9 in. long by 1. 74 in. outside diam . ; weight 109 g) is  ir r a 
diated. The irradiated fuel cylinder is  transferred  from  the ORR to the Iodine 
F acility  in a shielded transfer container.
Production method: F ission .
Target: 5 g U -A l alloy.
Neutron flux: ~  2 X1014 n /c m 2s.
Irradiation tim e: 21 d.
R eactor yield: ~  200 Ci.

Chem ical treatm ent

Apparatus

Fixed p rocess  equipment (Fig. 1) is  used. The shielded ce ll has remote 
con trols on the p ro ce ss  v esse ls , 6-8 in. lead equivalent. Hot o ff-g a s  lines

F IG .l. Flow diagram for 131I purification
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and c e ll  ventilation a re  equipped with cau stic  scru b b er , CWS fi lt e r s , and 
ch a rcoa l fi lte rs .

P ro ce ss in g

Y ield : 50-75%.
F o r  c la r ity , p ro ce ss in g  is  given

P roced u re

(1) P rep a re  equipm ent.
(2) Charge s cru b b ers  with ~  10% 

NaOH and bubble cap column 
with ~ 0 . 05% NaOH.

(3) Check scrubber caustic c ircu 
lation pump and circu late 
caustic through o ff-g a s  scrubber.

(4) Introduce irradiated uranium 
cylinder into d isso lver  tank.

(5) Introduce chilled H2O (10°C ) to 
d isso lver  reflux condenser, 
catch-tank cooling  co il, catch - 
tank condenser, and bubble-cap 
column.

(6) Add caustic solution (250 g NaOH 
in 1 litre  of H 20 )  to d isso lver.

(7) Heat the d isso lver  to ~  105° C 
fo r  ~ 1  h.

(8) Stop chilled HzO flow  to d is
solver reflux condenser and 
introduce steam.

in steps and explained (F ig . 1).

N otes

This d isso lves the aluminium on the 
cylinder and exposes the uranium. 
This prevents reflux of iodine 
obtained in the next step.

Procedure

(9) Add 8 M HNO3 slowly to d issolver 
until iodine is  liberated, as 
noted on the ionization chamber 
at catch tank.

(10) Continue distillation until no ad
ditional iodine is distilled into 
the catch tank, as indicated by 
the ionization chamber at the 
catch tank.

(11) Cool the d issolver and reflux 
condenser.

(12) Transfer the condensate contain
ing 1311 from  the catch tank to the 
second distillation system.

Notes

Nitric acid is added to neutralize 
excess caustic and to acidify the 
solution from  which the elemental 
iodine is distilled into the catch tank. 
The addition of H20 2 increases the 
rate of distillation of iodine. The 
volume is  maintained at 2 litres as 
noted on the liquid-level gauge.

267



(13) Charge the distillate receiver 
with 200 m l of H20  containing 
30 g of NaOH.

(14) Add 2. 5 litres of ~30%  H20 2 and 
130 ml of 70% H N 03 to the still.

(15) With cooling H20  on the still 
condenser, distil iodine into 
the distillate receiver.

(16) Transfer the iodine solution to 
the evaporator and evaporate 
to 1 litre.

(17) Transfer the evaporated solution 
to the glass still for  final 
purification.

(18) Prepare the distillate receiver 
by adding 6 m l of 6% H2S 0 3.

(19) T o the distillation flask, add 
saturated KMn04 solution until 
an excess is noted by a pink 
colour, and then add 140 ml of 
21 M H2S 0 4.

(20) Distil ~ 400  m land discard.
(21) Recharge the distillate receiver 

with 6 ml of 6% H2S 03. Slowly 
add concentrated H3P 0 3 to the 
flask until the KMn04 colour is 
cleared; then add 30% H20 2 drop- 
wise during the distillation.

(22) Neutralize solution with NaHC03 
and adjust to a pH of ~8  in the 
distillate rece iver. Transfer 
to the product bottle.

N itric acid neutralizes caustic and 
acidifies the solution from  which 
iodine is distilled; H20 2 oxidizes 
the iodide to iodine and provides 
sweep gas for the removal of iodine. 
Note the completion of 1311 removal 
by ion chamber readings at the 
distillate receiver.
The iodine remains in the caustic 
solution in the evaporator.

Add H2S 0 4 slowly to prevent local 
heating. The iodide is oxidized 
to iodate. The KMn04 colour should 
persist after the H2S04 addition.

This rem oves traces of HNO, .
The iodate is reduced to elemental 
iodine and is distilled into the H2S03 
in the distillate receiver. Collect 
approximately 100 ml of distillate.

This neutralizes excess H 2S03 and 
the H 2SO4 produced by oxidation 
of H2S 0 3. The purpose of this is 
to provide a basic solution to pro
tect against later accidental acidi
fication and release of I2 by air or 
radiation decomposition (of H 20 ) 
oxidation. Higher pH's shift iodine 
equilibrium toward IO" formation.

3. ASSAY AND QUALITY CONTROL

Sam ples are analysed fo r  1311 and 1331 concentration, heavy m etals,
iod ide/iodate ratio, total reducing agents, pH and radiochem ical purity ac
cord ing to ORNL M aster A nalytical Manual (TID -7015), p rocedure Nos.
90733391, 90733392, 90733393 and 90733394.
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The p rec is ion  and accu racy  of the 131I assay are:
C alibration by4?r (3 -7  coincidence counter.
Routine assay by ionization  cham ber and w ell-type scintillation  counter. 
E stim ated lim it o f e r r o r  in d isin tegration -rate  concentration  o f routine 
shipment, 3%.
P rec is ion , 2%.

4. CHARACTERISTICS OF THE FINAL SOLUTION

P rocessed , ca rr ie r -fre e  1311 is  delivered as Nal in basic sodium sulphite 
solution as a stock item. Other specifications of interest are: 
pH: 7 - 8 . 5 .
Concentration: 5 50 m C i/m l.
Total solids: < 0. 2 m g/m C i.
Heavy metals (as P b ):<  2 pg /m C i.
Purity: > 99. 9% (exclusive of 133I).
133I: < 2%.

Elemental iodine with ca rr ier  added is quoted separately.

BORIS KIDRlC INSTITUTE OF NUCLEAR SCIENCES, 
VINCA, YUGOSLAVIA

1. GENERAL

Irradiation of tellurium  in the fo rm  of a te llu ric  acid  target gives r ise  
to 131I by the reaction 130Te(n, y)i3iTe B~> 13l l . C a rr ier -free  131I is produced 
by Constant's method [1] m odified as follow s:

The dissolution vesse l is  separated from  the distillation vesse l [2 ], the 
latter thus becom ing  a c losed  system  not in contact with the atm osphere;

Since there is  no poss ib ility  of coo lin g  the target, the tem perature of 
the te llu ric  acid  r is e s  during irradiation , exceeding 100°C. Since it barely  
d issolves in this condition, the acid to be irradiated is first dehydrated. After 
irradiation it then d issolves easily in KOH [3].

2. EXPERIMENTAL PROCEDURE 

Irradiation

Target: T elluric acid (60 g) dried at 160°C for 24 h.
Containers: C ylindrical aluminium cans with screw ed covers , internal

length -  70 mm, internal diam. -  25 mm.
Therm al flux: 3. 3X1013 n /cm ^s (RA reactor at Vinca).
Irradiation tim e: 8-10 d.
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Chem ical treatm ent 
Separation method

Sixty gram s of dehydrated and irradiated  te llu ric  acid are d issolved  in 
450 m l 10% KOH slightly heated. A fter transferring it to the vessel fo r  dis
tilla tion , 334 m l o f w ater and 416 m l of su lphuric acid  ( 1 : 1 )  are  added to 
this solution and the radioactive iodine distilled into a reducing solution con
taining Na2S20 3 (0 .0 0 2 5  M), N a2C 0 3 (0. 005 M ) and N aH C 03 (0. 005 M).

A pparatus
The apparatus (F ig. 1) is  made of Pyrex glass placed in a box of 10-mm 

plexiglass shielded by a 5 -cm -th ick  lead wall.

A Dissolution vessel
B Distillation flask
D Vessel for receiving distillates
Ej -  E6 Vessels for adding chem icals
F Evaporator: double jacket reservoir with xylene as the heat transferer
G Burette
g i  -  g 6 Heaters
L Mercury m anometer •
N j -  N3 and O- -  0 5 Carbon filters 
P Connection to pulsator
Rj -  Rz Waste water flasks
V Vacuum pump
W Disc for distribution o f  m l solution

F IG .l. Apparatus for 131I production
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3. ASSAY AND QUALITY CONTROL

Radioactive m easurem ent of the solution.
Radioactive purity control. 
pH control.
Qualitative and quantitative spectrographic control of the target.
Chem ical purity control [4 -7] o f the solution. Spectrography and ascending 
paper chrom atography are used.
R adiochem ical purity control. A scending paper chrom atography is  used [7] . 
Sterility control [8] .
P yrogenity con trol o f the solutions is used.
The fixation of 131I in the thyroid gland of rats.

Routine control of each charge includes the first, third, fifth and seventh 
m easurem ent and control.

4. CHARACTERISTICS OF THE FINAL SOLUTION

R eference: Y V I131 /lx , N a « il  in dilute Na2S20 3, Na2C 0 3 and NaHCOg

R adioactive concentration : M easured to within 10%, 10 m C i/m l average,
50 m C i/m l m axim um .

R adioactive purity: 131I content 99. 9%.
R adioch em ica l purity: Iodide content m ore  than 95%.
S pecific activity : 10 C i/m g .
No trou b lesom e ch em ica l im purities.

R eferen ce : Y V I131/2x , Na131I in sterile  isoton ic  solution, 
phosphate bu ffer
R a d ioa ctive  con cen tra tion : M ea su red  to  w ithin  10%, 0. 5 -  2 m C i /m l .
R a d ioa ctiv e  pu rity : 131I content 99. 9%.
R a d io ch e m ica l p u rity : Iod ide  content m o re  than 95%.
S p e c ific  a ct iv ity : 10 C i /m g .
S te r ile .
P y r o g e n - fr e e .

R e fe r e n c e : Y V I1 3 1 /3 x , N a131I in s te r i le  0. 01 N NaOH so lu tion

R adioactive concentration : M easured  to within 10%, 10 m C i/m l average,
50 m C i/m l m axim um .

R adioactive purity: 131I content 99. 9%.
R adioch em ica l purity: Iodide content m ore  than 95%.
S pecific  activ ity : 10 C i/m g .
Sterile .
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I R O N - 5 9

NUCLEAR DATA

1. NUCLEAR PROPERTIES 

1.1. H alf-life  

45. 6 d

1. 2. Type o f  decay, and en ergy  (MeV)

beta (/3‘ ) 0. 13 (1%)
0. 275 (44.6%)
0.455 (55.4%)
1. 56 (rsO. 3%)

gamma 0. 145 .(0. 8%) 
0.19 (2.4%)
0. 337 (0. 3%)
1. 10 (56%) 
1. 29 (44%)

1. 3. D ecay schem e
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2. NUCLEAR REACTIONS AND PRODUCTION

Reaction

Isotopic 
abundance of 

the nuclide
(°Io)

Cross-section
(barn)

Activity o f element 
at 1012 n/cm 2 s 

(MCi/g)

24 h 1 week sat.

Secondary reactions 
and half-life o f the 
radionuclide formed

26 Fe(n,y)||Fe 0. 33 1. 01 (th) 14 96 960 »F e (n ,y )52lFe 
(T = 2. 6 yr) 
isot. abund.: 5. 82% 
o = 2.8 barn

26 Fe(n, p)|sMn 
(T = 278 d) 
o " 56 mbarn)

fj Fe(n,ot)^Cr 
(T = 27. 8 d) 
o = 0. 74 mbarn)

||Fe(n,p)ffMn
(T  ̂ 2. 58 h)
o = 0. 8? 0.4  mbarn ?

|?Co(n,p^Fe 100 0. 0003? 0. 0057 (f) |?Co(n,7)|?Co 
(T = 5.27 yr) 
o = 36 barn

gCo(n,a)||Mn 
(T - 2. 58 h)

2gNi(n, a)|| Fe 3. 66 ~0.0000125 (f) ~ 0 .09 -0 .6  ~6 gN i(n .y )gN i 
(T - 120 yr) 
o - 1 5  barn

|| Ni(n.y)|| Ni 
(T = 7. 5 x 104 yr) 
isot. abund.: 67. 88% 
o " 4. 4 barn

f*Ni(n.p)“ Co 
(T = 71 d) 
a = 0. 09 barn

g  Ni(n,a)|Fe 
(T = 2. 6 yr) 
o = 0.17 mbarn

“ Ni(n.p)“ Co •
(T = 5.27 yr) 
isot. abund.: 26. 23% 
o = ~5 mbarn

gN i(n iP)«C o  
(T = 1.65 h) 
isot. abund.: 1.19%

g  N i(n,y)«Ni 
(T = 2. 56 h) 
isot. abund.» 1. 08% 
a = 1. 52 barn

(th): for thermal neutrons
(f): for fast neutrons
For nuclear data see Refs. [1 -6 ].
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The nuclear reaction  norm ally  used fo r  the production  of MF e is  the 
(n, 7 ) on 58pe.

F or m ost applications it is  n ecessary  to obtain 59Fe preparations with 
a high specific activity and this can be done (a) from  enriched 58Fe irradiated 
in the fo rm  o f 58F e 20 3; o r  (b) using the S z ila rd -C h a lm ers  e ffe ct  on po
tassiu m  fe rro cy a n id e , but th is resu lts  in a m ixture o f 59pe and 55Fe 
(T  = 2. 7 y r ).

3. APPLICATION S

3. 1. Industrial

59Fe has been used fo r :

A utodiffusion  and m igration  studies 
W ear and c o r ro s io n  studies
The k inetic study o f reaction s  in the M artin furnace 

and con v erters  
H yd ro log ica l studies

In addition to the re feren ces given fo r  industrial uses of 59Fe reference may 
be made to general works [17] .

3. 2. M edical and biological

Used fo r  d iagnosis in the fo rm  of ch loride  or- citrate  (uses being the 
sam e in both form s). 59Fe is used to study: iron  m etabolism  [1 8 -2 1 ]; ab
sorption; the ro le  of iron  in haem atopoiesis; excretion ; and particularly 
plasm a iron  turnover and the m easurem ent of plasm a fixing power.

The activity is  o f the ord er of 1 0 -  25 juCi [20].
In addition to the re ferences already given there are others dealing with 

the m edical uses o f 59Fe [22].

4. RADIOLOGICAL PROTECTION

4. 1. E xternal exposure

4. 1. 1. Irradiation doses

The dose delivered by 1 Ci of 59Fe at a distance of 50 cm  is :
-  for  0. 19 MeV y  quanta 0. 008 rem /h
-  fo r  1. 10 MeV y  quanta 1. 344 rem /h
-  fo r  1. 29 MeV y  quanta 1. 240 rem /h

2. 592 rem /h

[7 -9 ]
[10 -14 ]

[15]
[16]
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4 .1 .2 . Safety m easures

Below are shown the tenth-thicknesses1 fpr lead and ordinary concrete, 
which give som e idea of the amount of protection  needed in handling 59Fe:

Tenth-thickness
(cm )

Pb
Ordinary concrete 

d = 2. 3

For a y  o f  1 .1  MeV 3.2 17

For a y  o f  1 .29  MeV 3. 6 19 Ref. [23 ]

In practice, the following lead thicknesses are needed to reduce the dose 
to 1 m rem /h  at 50 cm:

(cm ) 59Fe

4. 8 to handle 10 mCi

8. 2 to handle 100 mCi

11.7 to handle 1 Ci

4. 2. Internal irradiation

Iron-59 is classified  as a highly toxic class 2 isotope [24]. Its effective 
h a lf- life , allow ing fo r  both rad ioactive decay and e x cre to ry  p r o c e s s e s ,is :

Organ (d)

W hole body 42. 7
Spleen 41. 9
Lungs 44. 5
L iver 41. 7
Bones 43. 9

In the case of internal irradiation  (ingestion or inhalation) the maximum 
p e rm iss ib le  con cen tration s in a ir  and w ater re sp e ctiv e ly , fo r  a 4 0 -h  
exp osu re , a re :

10 ' 7 juC i/cm 3 and 2 X 1 0 ”3 /u C i/cm 3 (soluble  fo rm )
5 X 1 0 ”8 /n C i/cm 3 and 2 X 1 0 "3 ju C i/cm 3 (insoluble  fo rm ) {26]

4. 3. D econtam ination

Except in one or two particular cases, there is no special decontamina
tion method fo r  any given radioisotope. General texts on this subject [27-31] 
indicate that the following m easures are adequate.

1 The tenth-thickness is the thickness o f  shielding required to reduce the intensity o f  a y-radiation
o f  given energy by a factor o f  ten.
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4 .3 .1 . Skin

Rapid and repeated washing with good-quality soap, warm  water and a 
soft brush. If this is  not sufficient, use can be made of detergents or 5-10% 
solutions of com plexing agents of the EDTA (ethylenediam ine te tra -a ce tic  
acid ) type. It is  a lso  p oss ib le  to apply saturated perm anganate solutions 
fo llow ed  by rinsing with a 5% bisulphite solution to neutralize and rem ove 
stain. A brasive pow ders should not be used and the addition o f entraining 
agents has proved  disappointing.

If any wounds are contaminated, they must be treated rapidly by bleeding, 
washing with w ater, decontamination as fo r  the skin and som etim es by ad
ditional su rg ica l cleaning.

4 . 3 . 2 .  Hair

If the hair is  contam inated, it is  im portant not to take a show er, but 
m erely  to wash the head. A norm al, good-quality shampoo is usually suf
ficien t. If contamination is  persistent, the follow ing solutions can be used: 

p ara isopropylorth ocresol; 
lavandin oil;
AC compounded terp en e-free  lem on; 
glycerine diacetin; and 
benzoic acid.

Contamination is  much ea sier  to rem ove if the hair is  not greasy.

4. 3. 3. L a boratory  equipm ent

G lassw ear is usually cleaned by steeping and this is  m ainly a rad io 
ch em ica l p rob lem . The use of a sp ec ific  entraining agent o r  solutions of 
com plexing agents give good resu lts as also do solutions of ch rom ic acid, 
concentrated n itric acid , amm onium citrate, pentasodium triphosphate or 
amm onium b ifluoride.

5. SUMMARY OF PRODUCTION METHODS

The prob lem  is  to obtain S9Fe solutions of high sp ecific  activity. The 
various m ethods of doing so  are review ed by Swartout and R ice [32] .

5. 1. D irec t irradiation o f iron  oxide enriched  with 58F e  [33, 34]

58Fe(n, Y)59Fe

The method consists sim ply of dissolving the target in hydrochloric acid 
so as to obtain a I N  hydrochloric acid solution of iron chloride. For medical 
use, this ch loride is transform ed into an iron  citrate solution in a 12% so 
dium citrate solution at pH= 5. This is  achieved by precip itating the iron  
hydroxide with concentrated amm onia, after which it is  d issolved  in c itr ic  
acid and the pH is  adjusted to 4. 5 -  5. 0 with soda.
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5. 2. Using cobalt in a (n,p) reaction [35-38]

59Co(n, p )59Fe

Kenny, Maton and Spragg 135] d isso lve  the cobalt target in 3 N n itric 
acid and then obtain a pH between 4 and 7 with ammonia and ammonium 
acetate. After adding acetyl acetone, they extract the iron without entraining 
agent as acetyl acetonate, with xylene. The xylene is then separated out and 
rem oved by evaporation (the sm all amount of residual organic matter is des
troyed  with p erch lor ic  acid). Wahl [36] starts with the oxide C03O4 which 
he d isso lves, after irradiation , in concentrated, hot hydrochloric acid. He 
adds 10 m g of entraining iron  and uses isopropy l ether to extract the iron, 
which is then re -ex tra cted  in water. M olnar [38] has studied F e ll l  -  C o ll 
separation on anion resin s in a hydroch loric  medium.

5. 3. A m ethod often used con sis ts  o f  applying the S zilard -C halm ers  
e f fe c t  [39]

5. 3. 1. On fe rrocy a n ic  acid [40]

After irradiation, the 59pe form ed is isolated by extraction in a Soxhlet 
apparatus with ether containing a sm all amount of hydrochloric acid, but 50% 
of the total activity appears to remain in the initial substance.

5. 3. 2. On magnesium ferrocyanide [41]

This method consists of dissolving in water so as to obtain a 0. 1 M 
magnesium ferrocyanide solution and then separating the water-soluble frac
tion from  the insoluble fraction . The precipitate contains about 80% of the 
total radioactivity. (The magnesium ferrocyanide of the supernatant solution 
can be re -crysta llized  fo r  further irradiation. )

5.. 3. 3. On potassium  ferrocyanide (the salt most often used 
as target) [42-46]

In all cases, the irradiated potassium ferrocyanide is dissolved in water.
W illiam s [42] and Dewhurst and M iller  [43] then co -p rec ip ita te  the 

h ydrox ides by adding an entraining agent, which is  gen era lly  alum inium .
Henry, Aubertin and Valade [44] have studied a method of separation 

on ion exchange resin s (Dowex 50). They pass the potassium  ferrocyanide 
solution through a K+-saturated resin  column where the Fe3+ fixes preferen
tially on the K+, after which they elute the K+ with 1 N HC1 and the F e3+ with
6 N HC1.

Hudswell a,nd T aylor [45] and Douis and Valade [46] separate the reco il 
atom s d ire ct ly  by using am m onia to p recip ita te  the iron  hydroxide in  the 
potassium  ferrocyan ide solution, then they isolate the precipitate by centri
fuging,or filtering through Grade 4 fritted glass.

Douis and Valade thus obtained an enrichm ent fa cto r  of 400. A ll these 
m ethods of preparing 59Fe by using the S zilard-C halm ers effect give a 
m ixture o f 59Fe and 55F e. If pure 59Fe is  wanted, the target must consist 
of 58Fe with a very  low  54Fe content.

278



R E F E R E N C E S

[1] SEELMANN, E. W ., PFENNING, G. (co-operation  of MUNZEL, H. and ZUNDEL, G .) , Chart o f the 
Nuclides, 2nd ed., Gersbach & Sohn Verlag, Munich (reprint 1963).

[2] HENRY, R ., «  Preparation de radioelements a periode courte a l*aide d*un reacteur de rech e rch e » , 
Chemistry Research and Chem ical Techniques Based on Research Reactors, Technical Reports Series 
No. 17, IAEA, Vienna (1963) 207-30.

[3] MOTEFF, J . , Neutron flux and spectrum measurement with radioactivants. Nucleonics 20 12 (1962) 
56-60.

[4] PASSELL, T .O . , HEATH, R. L ., Cross-sections of threshold reactions for fission neutrons -  nickel as a 
fast flux monitor, Nucl. Sci. Engng 10 (1961) 308-15.

[5] MELLISH, C. E ., PAYNE, J. A . , OTLET, R. L . , "The production o f  threshold reactions in a graphite 
reactor", Radioisotopes in Scientific Research, Proc. 1st Int. UNESCO C on f., Paris (Sept. 1957)(EXTER- 
MANN, R. C . , Ed.), Pergamon Press, London (1958).

[6] MELLISH, C. E ., Threshold reaction cross-sections in reactor -  an intercomparison, AERE R 3251 (1960).
[7] LEYMONIE, C . , Les Traceurs Radioactifs en Metallurgie, Dunod, Ed., Paris, C hap.3 .3 .4 . (1960) 153.
[8] LEVEQUE, P ., « L e s  applications industrielles des radioelem ents»(Industrial applications o f  radio- ' 

elements), Association nationale de la recherche technique, Collection de TANRT, Eyrolles et Gauthier- 
VillarSiEd., Paris, Chap.10.3. (1962) 177-78.

[9] LAZARUS, D . , "Mass dependence o f  intermetallic diffusion", Radioisotopes in the Physical Sciences 
and Industry,IAEA, Vienna (1962) 159-68.

[10] LEVEQUE, P ., « L e s  applications industrielles des radioelements»  (Industrial applicationsof radio- 
elements), Association nationale de la recherche technique, Collection de l'ANRT, Eyrolles et Gauthier- 
Villars, Ed., Paris, Chap. 12.6. (1962) 230.

[11] KOHL, J . , ZEUTNER, R .D ., LUKENS, H .R ., "The use o f  radioisotopes in friction and wear studies", 
Radioisotope Applications in Engineering, D. Van Nostrand Co., In c ., Princeton, N .J ., Chap. 13 (1961) 
393-410.

[12] PALATNIK, L. S ., LJUBARSKY, L M ., UUBCHENKO, "On the structure and wear resistance of case- 
hardened steel", Radioisotopes in Scientific Research Proc. 1st Int. UNESCO C onf., Paris, (Sept. 1957)1 
(EXTERMANN, R .C ., Ed.), Pergamon Press, London (1958) 375-87.

[13] LEYMONIE, C . , Les Traceurs Radioactifs en Metallurgie, Dunod, Ed., Paris, Chap.4 .2 .1 . (1960) 167.
[14] BOJARSKI, Z . , ORZESZKO, W ., PAWLOWSKI, S ., WUSATOWSKI, R ., ZIOLOWSKI, Z . , "An assess

ment trial of the quality o f  refractory materials used in a casting pit and the distribution of non-metallic 
inclusions in steel by means o f  radioactive tracers", Radioisotopes in Scientific Research, Proc. 1st 
Int. UNESCO C onf., Paris (1957) I , (EXTERMANN, R .C ., Ed.) Pergamon Press, London (1958) 388-410.

[15] LEVEQUE, P ., «  Les applications industrielles des radioelements» ,  (Industrial application o f  radio
elements) Association nationale de la recherche technique, Collection de l'ANRT, Eyrolles et Gauthier- 
Villars, Ed., Paris, Chap. 9 .3 . (1962) 153.

[16] LEVEQUE, P ., Chap. 16 (1962) 331-43. «  Les applications industrielles des radioelements » ,  (Industrial 
applications o f  radioelements), Association nationale de la recherche technique, Collection de l ’ANRT, 
Eyrolles et Gauthier-Villars, E d., Paris, Chap. 9 .3 . (1962) 153.

[17] SHEPPARD, C. W ., Basic Principles o f the Tracer Methods, John Wiley and Sons, In c., New York (1962). 
HOURS, R ., Les applications industrielles des traceurs radioactifs (Industrial applications o f  radio
active tracers), Rapport CEA, DR/AR/63-I/RH /H LD (Jan. 1963).
BROWNELL, L. E ., Radiation Uses in Industry and Science, US Govt Printing O ffice, Washington (1961). 
UNITED NATIONS, Proc. UN Int. Conf. PUAE 12, 15 (1956).
UNITED NATIONS, Proc. 2nd UN Int. Conf. PUAE 19, 20(1958).
INTERNATIONAL ATOMIC ENERGY AGENCY, Technical Directory, IAEA * Vienna (1963) 132 pp.
A survey o f radioisotope applications classified by industry or economic activity, with selected references 
to the international literature.

[18] TUBIANA, M ., Les Isotopes Radioactifs enMedecine et en Biologie, Masson et Cie., Ed., Paris, Chap. IX, 
135-37; Chap.XIH, 241-45 and 258-62 (1950).

[19] BEHRENS, C. F ., "Iron", Atom ic Medicine, The Williams and Wilkins C o . , Baltimore, 3rd e d . , Chap. 
20.2  (1959) 487-90.

[20] BEIERWALTES, W. H ., JOHNSON, P. C . , SOLARI, A. J ., Clinical Use o f Radioisotopes, W. B. Saunders 
C o ., Philadelphia (1957) 288-93.

2 7 9



[21] OWEN, C. A . , "H em atology", Diagnostic Radioisotopes, Charles C. Thomas, Springfield, HI. (1959) 
195-215.

[22] VEALL, N ., VETTER, H ., Radioisotope Techniques in Clinical Research and Diagnosis, Butterworths, 
London (1958) 254-55.
OWEN, C. A . , Diagnostic Radioisotopes, Charles C. Thomas, Springfield, 111. (1959) 213.
KAMEN, M. D . , Isotopic Tracers in Biology, Academic Press In c ., New York (1957) 256-57, 380, 399. 
HAHN, P. E ., Therapeutic Use of Artificial Radioisotopes, John Wiley & Sons, In c ., New York (1956). 
FIELDS, T h ., SEED, L ., C linical Use o f Radioisotopes, The Year Book Publishers, Chicago, 2nd ed. 
(1961).
INTERNATIONAL ATOMIC ENERGY AGENCY, Use o f Radioisotopes in Animal Biology and the Medical 
Sciences, Proc. IAEA/WHO/FAO C on f., Mexico City, Nov. 1961, Academic Press, London (1962) Vol. I, 
563 pp, Vol. II, 328 pp.
UNITED NATIONS EDUCATIONAL SCIENTIFIC AND CULTURAL ORGANIZATION, Radioisotopes in 
Scientific Research, Proc. 1st Int. UNESCO C onf., Paris (Sept. 1957) (EXTERMANN, R. C ., Ed.), Peigamon 
Press, London III (1958).
URBAN AND SCHWARZENBERG, Radioactive Isotopes in Clinical Practice and Research, Proc. Symp. 
Bad Gastein (1959), Urban and Schwarzenberg, Munich (1960).
UNITED NATIONS, Proc. UN Int. Conf. PUAE 10 (1956).
UNITED NATIONS, Proc. 2nd UN Int. Conf. PUAE 26 (1958).

[23] JOFFRE, H ., Les problemes physiques de la radioprotection, (Physical problems o f radioprotection), 
Genie atomique 1̂ INSTN, Saclay (1963).

[24] INTERNATIONAL ATOMIC ENERGY AGENCY, Safe Handling o f Radioisotopes, 1st ed. with Rev. A pp., 
Safety Series No. 1, IAEA, Vienna (1962) 100 pp.

[25] MORGAN, K. Z . , Protection contre les rayonnements, Recommandations de la commission intemationale 
des protection radiologique, Rapport du Comite II sur la dose admissible en cas d'irradiation interne
(1959), Gauthier-ViUars, Ed. (1963).

[26] INTERNATIONAL ATOMIC ENERGY AGENCY, Baisc Safety Standards for Radiation Protection, Safety 
Series No. 9, IAEA, Vienna (1963) 57 pp.

[27] UNITED STATES DEPARTMENT OF COMMERCE, National Bureau o f Standards, Control and Removal 
o f Radioactive Contamination in Laboratories, Handbook 48 (1951) 4 -17.

[28] INTERNATIONAL ATOMIC ENERGY AGENCY, Safe Handling o f Radioisotopes, 1st ed. with Rev. A pp., 
Safety Series No. 1, IAEA, Vienna (1958) 69-76.

[29] INTERNATIONAL ATOMIC ENERGY AGENCY, Safe Handling o f Radioisotopes, Health Physics Addendum, 
Safety Series No. 2, IAEA, Vienna (1960) 79-81 and 82-88.

[30] INTERNATIONAL ATOMIC ENERGY AGENCY, Safe Handling o f  Radioisotopes, M edical Addendum, 
Safety Series No. 3 , IAEA, Vienna (1960) 62-74.

[31] BLATZ, H ., Radiation Hygiene Handbook, McGraw Hill C o . , New York (1959) 18-15 to 18-23.
[32] SWARTOUT, J .A ., RICE, H. M., Preparation of radioiron o f high specific activity, AECD 3983 (1955).
[33] HUDSWELL, F ., MILES, B .J ., PAYNE, B ., PAYNE, J .A . , SCARGIL, P ., TAYLOR, K .J ., The prepa

ration for dispensing o f miscellaneous radioisotopes, AERE, I/R 1386 (1954).
[34] OAK RIDGE NATIONAL LABORATORY, Radioisotopes Procedures Manual, ORNL 36. 33 (June 1964).
[35] KENNY, A .W ., MATON, W. R. E ., SPRAGG, W. T . ,  Preparation of carrier free iron 59, Nature, London 

165 4195(1950) 483.
[36] WAHL, A. C . , Production of 59Fe by the 55Co (n,p) reaction in the Brookhaven reactor, BNL 1274; Nucl. 

Abstr. 7. 2, 81; J. chem. Phys. 21 1(1953) 182, letter.
£373 WAGNER, K ., POSER, H ., Quelques etudes de la formation de 59Fe par le bombardement de 59Co avec 

des neutrons de fission, Kemenergie 6 4(1963) 177-78.
[38] MOLNAR, F ., The production of carrier free radioisotopes.Hl. Model experiments for producing carrier- 

free high specific activity 59Fe, NSA, 16, 18 A No. 24.081. Magy. tudom. Akad. Kozp. fiz. kut. Int. 
Kozl. 2  (1959) 22-28. (resume in English).

[39] MURIN, R. N ., NEFEDOV, V. D . , Enrichment o f  radioactive elements by the method of recoil nuclei, 
AERE Lib/Trans.464, Trad, de Usp. Khim. SSSR 5 21 (1952) 536-65.

[40] KENNY, A .W ., MARTIN, W.R. E ., Preparation o f pure iron-59 o f high specific activity, Nature 162 
4119(1948) 567-68.

[41] SWARTOUT, J. A . ,  Process for production o f radioactive iron, USP 2. 571.965 (16 Oct. 1951) 3 pp.

280



[42] WILLIAMS, R. R ., The Szilard-Chalmers reaction in the chain-reacting pile, J. phys. Colloid. Chem. 
52 (1948) 603.

[43] DEWHURST, H ., MILLER, N ., Concentratiorf o f  59Fe activity by Szilard-Chalmers separation, Nat. Res. 
Council, Canada, Chalk River, Report CRC-351 NRC No. 1616 (1947).

[44] HENRY, R ., AUBERTIN, C . , VALADE, J . , Etude de l 'e ffe t  Szilard-Chalmers sur le ferrocyanure de 
potassium, Service des Radioelements CEN Saclay, Rapport CEA No. 1360 (1959).

[45] HUDSWELL, F ., TAYLOR, K .I. , Radioisotopes o f iron preparation o f solutions of high specific activity, 
AERE I/M  18 (1952) 3 pp.

[46] DOUIS, M ., VALADE, J ., Une installation de preparation de radioelements par effet Szilard-Chalmers, 
CEN Saclay, Rapport CEA No. 2072 (1961).

PROCEDURES

ATOMIC ENERGY OF CANADA LTD. , CHALK RIVER, CANADA

1. GENERAL

Iron-59 is produced by the irradiation  of fe r r ic  oxide target F e 20 3 en
riched to 80% in 58Fe. The irradiated  target is  p rocessed  to F e C l3 and 
shipped to the pharm aceutical industry fo r  further p rocess in g  and d is tr i
bution to the m ed ica l p ro fess ion .

2. EXPERIM EN TAL PROCEDURE

Irradiation

T arget:
Container:

Irradiation  conditions:

C hem ical trea tm en t

The ch em ica l p ro ce s s  con s is ts  of d isso lv in g  the irrad iated  target in 
HC1. This produces F e C l3 solution which is our standard product.

The irradiated capsule is transferred with extension tongs from  a trans
fe r  container to the processin g  equipment. The capsule is opened m echanically 
and the contents transferred to a tared weighing vessel on a balance by means 
of which the weight of F e2 0 3 is determined to the nearest 0. 05 mg. A small 
quantity of concentrated HC1 is  added. Dissolution is brought about by heat
ing the m ixture with an in fra -red  lamp. Heating is  continued until a dried 
residue is  obtained. This residue is  red isso lved  in 1 N HC1, filte red  and

5 -  10 g fe r r ic  oxide F e 2 0 3 enriched to 80% in sspe. 
The target is  sea led  into a sm all inner aluminium 
vial, then in a standard rea cto r  capsule.
Usual y ie ld  is  fro m  10 to 15 Ci, depending on the 
flux  and duration o f irrad ia tion . An appropriate 
num ber o f capsu les are held under irrad ia tion  to 
prov ide  norm al requ irem ents.
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made up to a suitable volume with distilled water to yield F eC l3 in approxi
m ately 0. 5N_ HC1.

Equipment

The p rocess in g  equipment consists of a weighing beaker, g lass funnel, 
volum etric flask, reagent bottles, filter  paper, sm all weighing balance eEnd 
an in fra -red  lamp. These are placed in a glove box having 4 in. (10 cm ) of 
lead sh ielding on all s id es . F itted through the w alls  are ba ll joint m ani
pulators and a lead g lass window to perm it rem ote view ing and operation. 
The box is  exhausted through absolute fi lte rs .

3. ASSAY AND QUALITY CONTROL 

C hem ical

A sm all sample is analysed by em ission spectroscopy to provide an esti
mate of m etallic im purities. The acidity-is checked and the stock accordingly 
adjusted.

Radiochem ical ■

Specific activity. This is  calculated from  the weight of the target p ro
cessed  and the m easured yield of 59Fe activity.

A ctiv ity  concentration

The principal radiations measured are the 1. 089 and 1. 289 MeV gamma 
rays. The output from  a suitable dilution of the active solution is  analysed 
on a 512-channel analyser.

CENTRAL INSTITUTE FOR PHYSICS, BUDAPEST, HUNGARY

1. GENERAL

Production is based on the (n,p) reaction  of the cobalt target 59Co(n,p)59 Fe. 
To enhance the (n, p) reaction and decrease the 60Co activity due to the (n, y) 
reaction , the cobalt target is  covered  with cadm ium  shielding. A fter the 
irrad iation , separation  is  ca rr ied  out by ion exchange.

2. EXPERIM EN TAL PROCEDURE 

Irradiation

T arget: Cobalt m etal, Johnson Matthey sp ectroch em ica lly
pure. The amount depends on request on ord er .
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Flux: 2 X 1 0 13 n / c m 2 s (th).
T im e of irrad iation : 120 h.
Container: Quartz ampoule with ground stopper, wrapped in

cadm ium  fo il.

C hem ical trea tm en t

A fter irrad iation  the target is  d issolved  in concentrated h yd roch loric  
acid, adding a few drops of hydrogen peroxide, and the solution is fed onto 
a column of Dowex resin .

Using h y d roch lor ic  acid  cobalt ions are com plete ly  eluted, and after 
rem oval of this first fraction , hydrochloric acid Of another concentration is 
applied as eluting agent which quantitatively d esorbs c a r r ie r - fr e e  59F e. 
F inally  the solution is  diluted to make it isoton ic and sterilized .

3. ASSAY AND QUALITY CONTROL

R adiochem ical purity is  controlled  with the aid of a multichannel pulse 
height analyser fo r  each charge.

pH is determ ined and sterility  is  controlled  in the usual way.

ATOM IC ENERGY ESTABLISHM ENT T R O M B A Y , B O M B AY , INDIA

1. G EN ERAL

Iron-59 is  usually produced by the pile irradiation  of enriched iron -58 . 
Enriched iron  is  expensive and is  not readily available in a pure form  free  
fro m  54Fe. F o r  this reason  at Trom bay 59F eisproducedbythe 59Co(n, p)59Fe 
reaction.

The irradiated  cobalt is  d issolved  in n itric and hydroch loric  acids and 
then converted to the ch loride. This chloride solution in 5 M HC1 is passed 
down an anion exchange column. Iron is  held up on the resin  while the cobalt 
goes into the effluent. A fter w ashing the colum n fre e  of cobalt, the 59Fe 
is  eluted out with 0. 05 M HC1 and concentrated.

2. E XPER IM E N TAL PROCEDURE

Irradiation

Target: 100-  250 g of cobalt metal (rods 40m m X 5m m , iron content
le ss  than 2 ppm) enclosed in cadmium fo il, then loaded into
the irradiation  container.

In APSARA: Container type A (screw -capped  1 S aluminium can, 73 mm
high, 26. 5 mm d ia m .). 60 g X 1 can.
Flux: 2 - 3 X 1 0 12 n /c m 2s.
Irradiation period : 2 months.

283



Side reactions: When cobalt metal is irradiated in a reactor, the m ajor acti
vity produced is  60Co, resultingfrom the reaction 59Co(n,Y)60Co. 
Small amounts of 59Fe are a lso  produced by the threshold 
reaction 59Co(n, p )59Fe. By selective neutron shielding using 
cadmium, the amount of 60C'o produced could be considerably 
reduced.

C hem ical trea tm ent .

The irradiated cobalt rods are washed with distilled water and then they 
are d issolved  in a m ixture of h ydroch loric and n itric acids, and the nitrate 
is  converted  to ch loride by treatment with strong HC1. The ch loride is 
leached  out with 6 M HC1 and the solution is  passed  down a 50 c m X l  cm 2 
column of Dowex-1 (chloride form , conditioned with 5 -6  M HC1). The column 
is  washed with 6 M HC1 t ill the effluent is  fre e  from  cobalt. F inally, the 
&9Fe is  eluted out with 0. 05 N_ HC1, the eluate evaporated to near dryness 
and the 59 Fe is leached out with 100 m l of 5 M HC1.

This solution is  again passed  down a second  20 c m X l  cm 2 colum n of 
D ow ex-1 , as b e fo re , to rem ove tra ces  o f 60Co, and the 59Fe is  eluted out 
with 0. 05 M HC1. The eluate is  evaporated to dryness, any organic matter 
is  destroyed with concentrated HN03 and H20 2 follow ed by strong HC1, and 
the 59Fe finally leached out with 0 . 1 M  HC1.

3. ASSAY AND QUALITY CONTROL

The activity is assayed by measuring the ion current using an ionization 
chamber or by gamma scintillation counting using a well-type Nal(Tl) crystal.

The total so lid s  are determ ined by evaporating a known volum e of the 
stock  solution and weighing the residue.

The absence of heavy m etal im purities is  tested by hydroxide and 
sulphide precip itation  tests.

Radioactive and radiochem ical purity: Iron-59 is identified by its 1.1 MeV 
(56%) 1. 29 MeV (49%) photopeaks.

Since the gam m a-ray spectrom eter cannot d ifferentiate between the 
gamma em ission s of 60Co and 59Fe, a prelim inary chem ical separation is 
n ecessary  fo r  detection  and identification of any 60Co im purity in the 59Fe. 
The separation is  effected  by paper chrom atography as fo llow s:
Solvent: 22. 5 m l acetone, 2. 5 m l 9 M HC1. The solvent w ill be 0.8 N

with respect to HC1.
Spotting: Cobalt ch loride ca rr ie r  fo r  59Fe.
Developm ent: Solvent front up to 15 cm .
Zones: Cobalt 2-3 cm  from  point of spotting.

Iron 10. 5-14. 5 cm  from  the point of spotting.

4. CHARACTERISTICS OF THE FINAL SOLUTION

Specific activity: > 5 C i/g .
Chem ical form : F e C l3 in dilute HC1.
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Acidity: 0 .1  M HC1.
R adiochem ical purity: > 99%.
Radioactive concentration: > 1 m C i/m l.

INSTITUTE OF ATOMIC PHYSICS, BUCHAREST, ROMANIA

1. GENERAL

Production  of 59Fe is  based on the (n, p) reaction  of the cobalt target. 
Separation of 59Fe is carried  out with the aid of concentration by absorption 
on alumina.

2. EXPERIMENTAL PROCEDURE [1]

Irradiation

Target: Cobalt m etal, chem ically  pure. The amount depends
on the request.

Flux: 1.X1013 n /cm 2 s.
T im e of irradiation : 200 h.
Container: Quartz ampoule.

C hem ical treatm ent
A fter irrad ia tion  the target is  d isso lv ed  in diluted h y d roch lo r ic  acid 

( 1 : 3 )  and then evaporated.
A fter evaporation add d istilled  water t ill the concentration in C0CI2 is  

1 - 1 . 5  M.
The solution is  heated fo r  15 min. at 80 -90°C and is then passed through 

an alumina column.
The radioactive iron  in co llo id  form  is  absorbed on the alumina, the cobalt 

ions being com pletely  eluted.
H ydroch loric acid 1 N is  used fo r  the desorption of 59Fe,
F inally the solution is evaporated, diluted with distilled water to make 

it isoton ic, and sterilized  fo r  m edica l use.

3. ASSAY AND QUALITY CONTROL

R adiochem ical purity is  controlled  with the aid of a multichannel pulse 
height analyser fo r  each charge.

The pH is  determ ined and sterility  is  con trolled  in the usual way.

4. CHARACTERISTICS OF THE FINAL SOLUTION 

P repared  to ord er.
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R E F E R E N C E

[1 ] BEBESEL, P. , St. Cere. Chim. 13 7 (1965).

THE RADIOCHEMICAL CENTRE, 
AMERSHAM, BUCKS., UNITED KINGDOM

1. GENERAL

Iron, as fe r r ic  oxide, e lectrom agn etica lly  enriched in 58pe (70-80% ) 
is  irradiated in a high thermal neutron flux 58Fe (n, 7 )59Fe. The oxide is con
verted to the chloride.

2. EXPERIMENTAL PROCEDURE 

Irradiation

Target m aterial: F err ic  oxide, EM enriched to 80% in sspe.
Amount: 10-15 mg.
Irradiation tim e: 21 d.
Container: Sealed s ilica  ampoule, prim ary; Al container, secondary.
Flux: 1014 n /cm 2s .
Side reactions: 54Fe(n, 7 )55Fe. (The 55 Fe content of the product is  always

le ss  than 1% fo r  the shelf life  of the stock).

Chem ical treatm ent

The s ilica  ampoule is  crushed in concentrated HC1 and the solution, 
filtered  and evaporated to dryness. The residue is  taken up in 0. 1 N HC1.

3. ASSAY AND QUALITY CONTROL

Identification is  by y  spectrom etry ; assay is  by scin tillation  counting 
against 137Cs re feren ce .

4. CHARACTERISTICS OF THE FINAL SOLUTION

R adioisotope: Iron -59
Catalogue Code R eferen ce : IFS. 2.
P reparation : F e r r ic  ion in sodium  citrate solution (1%

w t./vo l.) made isotonic with sodium chloride.
Solution sterilized .

Concentration of radioelem ent: Approxim ately 20 /jC i/m l.
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Specific activity: 
R adioch em ica l purity: 
pH:

> 500 juCi 59F e /m g  Fe.
> 99% excluding sspe. 55Fe content <5%.
6 - 7 .

OAK RIDGE NATIONAL LABORATORY, 
T E N N ., UNITED STATES OF AMERICA

1. GENERAL

Iron-59 isproducedbythe (n, y) reaction in a F e 20 3 target, 5 4 F e ( n , Y ) 5 5 F e ,  

58Fe(n, 7 )59F e. During process in g  of the 55,59;Fe activity, HNO3 is added to 
assure that all o f the iron  is  in the F e 3+ state, and the iron  extracted after 
agitation with d ich lorod iethyl ether and 9 M HC1. S u ccessive  extractions 
rem ove the 55,59Fe . In final steps, organ ic com pounds are destroyed  and 
the volum e is  adjusted to p rov ide F e C l3 in HC1 solution. T o produce en
r ich ed  59F e , an oxide ta rget en rich ed  to  about 60% &8F e  is  ir ra d ia ted .

2. E X P E R IM E N T A L  PRO CEDU RE

Irrad ia tion

T a rg e t : F e 20 3 o r  F e 20 3 en rich ed  to  60% 58F e .
T a rget w eight: U nenriched: 300 m g.

E nriched : 15 m g.
N eutron  flu x : 2X  1014 n/cm 2  s.
Irra d ia tion  t im e : U nenriched : 7 w eeks.

E nriched : 4 m onths.
R e a cto r  y ie ld : U nenriched : 55Fe 250 m C i

. 59F e 55 m C i.
E n rich ed : 59Fe 300 m C i.

C h em ica l trea tm en t

A pparatus

A hot off-gas scrubber uniti and an agitation vessel are used in p rocess
ing. P rocessin g  facility  and shielding required: manipulator cell, 3-in. lead 
equivalent.

P rocessin g  of S5,59Fe

Y ield: > 95%.
The irradiated target m ateria l is  placed in a beaker under the hot o ff -  

gas assem bly , d isso lved  in a m inim um  amount o f 12 M HC1, and the acid

1 See Fig. 2 in the section on 82Br provided by ORNL, United States o f  America.
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concentration adjusted to ~  9 M HC1. A few  drops o f 16 M HNO3 is added 
to assure that all the iron  is  in Fe3+ state. The HC1 solution is transferred 
to an agitator v esse l and ah equal amount of dichlorodiethyl ether (which has 
been  equ ilibrated  with 9 M HC1) is  added. A fter agitation fo r  15 m in the 
system  is  tran sferred  to a separatory funnel. About 5 min are allowed for 
layers to separate ether and HC1 layers. The HC1 layer is on top and ether 
on the bottom. A second extraction is necessary to rem ove the 55,59pe . The 
ether layers are then transferred to the agitator vessel and 50 ml of distilled 
w ater added. Iron goes into the water phase. The m ixture is  agitated fo r  
15 m in, tra n sferred  to a separatory  funnel, and 5 m in allow ed fo r  layers  
to  separate. A second w ater extraction  is  made if  n ecessary . The w ater 
la y er  is  tra n s fe rre d  to a clean  150 -m l V y co r  beak er and the ether la y er  
discarded. The solution in the V ycor beaker is evaporated to near dryness 
under the hot o ff-g a s  assem bly, fumed with 16 M HNOs to destroy organic 
com pounds, and fumed tw ice with 12 M HC1 to rem ove n itric acid. The 
volum e is  adjusted to  50 m l o f 1 M HC1 to  fo r m  a c le a r  y e llo w  p rodu ct.

P r o c e s s in g  o f en rich ed  59Fe

F rom  10 to 20 m l o f 12 M HC1 is  added to the irradiated target, and the 
solution  heated on hot plate under a hot o ff -g a s  scru bber assem bly . The 
solution is  adjusted to ~  100 m l of 9 M HC1 solution to prepare for extraction 
of 59Fe and separation from  54Mn. About 500 m l of dichlorodiethyl ether is 
equilibrated with 9 M HC1 by shaking in a 1-litre separatory funnel for 10 min. 
The HC1 solution  is  separated and the ether is  held fo r  extraction  o f iron. 
The 9 M HC1 containing iron  is  transferred  into a 250-m l separatory funnel 
and an equal volum e of H Cl-washed dich lorodiethyl ether is added. The 
mixture is  agitated and the two phases separated. The extraction is repeated 
tw ice  to rem ove  the iron  fro m  the aqueous solution. E ther fraction s are 
co llected  and extracted with 50 m l o f distilled  H2O. Iron is  extracted into 
the aqueous phase. W ater wash is  repeated with 10-m in agitation periods 
until the iron  is  rem oved  from  the organ ic phase. T hree extractions are 
usually sufficient. The wash is  co llected  in a 50-m l V ycor beaker and eva
porated to dryness under the hot o ff-g a s  assem bly. The residue is fumed 
with 16 M HNO3 to rem ove the organic compounds and tw ice with 12 M HC1 
to rem ove HNO3 . The residue is  d issolved  in 50 m l of 1 M HC1 to fo rm  a 
c lea r  ye llow  product.

3. ASSAY AND QUALITY CONTROL

Samples are analysed fo r  m olarity of HC1, total solids, radiochem ical 
purity, and 55Fe and 59pe concentration according to ORNL Master Analytical 
Manual (TID-7015), procedure Nos. 9 0733411 and 9 0733222.

P recis ion  and accuracy of the MFe assay are:
Calibration by 4ir fi-y  coincidence counter.
Routine assay  by ion ization  cham ber and w e ll-ty p e  scin tilla tion  counter. 
E stim ated lim it of e r r o r  in d isin tegration -rate  concentration of routine 
shipment, 5%.
P re c is io n , 2%.
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4. CHARACTERISTICS OF THE FINAL SOLUTION

P rocessed , high sp ecific  activity 55,59pe js delivered as F e C l3 in HC1 
solution on request. Other specifications of interest are:
A cidity: 1 N ± 50%.
Concentration: > 0. 1 mCi of 59Fe per m l.
Ratio of activity o f bt,Fe to 59Fe: < 1 0 :1 .
Specific activity: = 25 m Ci of 6aFe per gram  Fe.
R adiochem ica l purity: > 99%.

P ro ce sse d , enriched 59Fe is  delivered  as F e C l3 in HC1 solution as a 
stock  item . Other sp ecifica tion s of in terest are:
A cid ity : 1 N ± 5 0 % .
C oncentration : > 1 m Ci 59Fe p er m l.
S pecific  activ ity : = 10 000 m C i 59Fe p er gram  F e.
R adioch em ica l purity: > 99% (exclusive of 55F e).
5SF e: < 10%.
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MAGNESIUM-28
NUCLEAR DATA AND REFERENCES

1. NUCLEAR PROPERTIES
1 .1 . H a lf-life [1 -5 ]

20. 9 h

1. 2. Type o f  decay and p a rtic le  en ergy  (M eV) [4 -6 ]

M agnesium -28 decays by beta em iss ion  fo llow ed  by gam m a-ray  d e 
excitation  to ground state alum inium -28 (h a lf-life  2. 3 m in).
(a) E maxj3" = 0 .4 5 9 ± 0 . 002

(%)
0 .3 1 9  96
0 .4 0  30
0. 949 30
1.346 70

(b) Gam m a rays

y l
7 2
T 3
7 4

1. 3. D eca y  sch em e  

28M g (2 .7  d)

0 ' 0. 459 MeV

y  = 1. 782 MeV

stable 28 Si
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2. NUCLEAR REACTIONS AND PRODUCTION

• 6Li(n , t )4He fo llow ed  by 26Mg(t, p )28Mg [1, 28, 29]
27A l(a, 3p)28 Mg 56 M eV o  [4]
28Mg has also been produced in a variety of other nuclear reactions [4,6, 

8-10, 12, 13] .

3. APPLICATIONS

M agnesium -28, with a h a lf- life  of about 21 h, is  the only p ra ctica l 
isotope of m agnesium  fo r  tra ce r  studies. A b r ie f survey of published ap
plications is  given below .

3. 1. B io ch em is try  and b io logy

Distribution of m agnesium in various body organs of mam mals [14-17, 32,
33, 35-37]

3. 2. Plant m etabolism

Biosynthesis of plant pigment [18, 19]
Chlorophyll studies [20,21]

3 .3 . M edicine

Determ ination of body water and electro lytes [22]
H aem atological research  [23]
Determ ination of magnesium distribution

and exchangeable magnesium in man [17, 24-26, 31, 34]

3. 4. R adioisotope generation

28Mg as 28A l-gen erator [5, 27]

4. RADIOLOGICAL PROTECTION

The b rie f summary given below should be read in conjunction with Safe 
Handling of Radioisotopes, Safety Series No. 1, published by the International 
Atomic Energy Agency.

4. 1. External irradiation

Because of the short ha lf-life  of 2SA1 (2. 3 min) a secular equilibrium is 
quickly established between the parent 28Mg and the daughter 28A1, so that 
the radiation of both isotopes should be considered.

The m axim um  range o f beta p a rtic les  fr o m  28Mg is  200 m g /c m 2 Al. 
F o r  the 28M g -28A l system  the m axim um  beta range is  1350 m g /c m 2 Al.
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F or a 100 /uCi batch half-an-inch lead shielding is required during pro
duction as p rotection  from  the gamma radiation of the 28M g -28Al m ixture 
and from  24Na im purities. Precautions should be taken against tritium 
contamination.

F or transport purposes 28Mg is a group III radioisotope1. The radiation 
fro m  a sam ple of 100 pC i activity  is  low enough, so  that shipment can be 
made in a non-returnable unshielded container [29] .

5. SURVEY OF PRODUCTION METHODS

The production of m agnesium -28 in a reactor is based on the sequence 
of reactions 6Li(n, t)4He and 26Mg(t, p)28Mg. The 2.73 MeV tritons produced 
in the prim ary reaction are utilized to bom bard the 26 Mg atom s. C a rr ier - 
free  28Mg may be obtained in the 27Al(a, 3p)28Mg reaction [7] .

Spallation reactions of m edium -to-heavy nuclides with high energy 
protons o r  neutrons ca rried  out in an a cce le ra tor  also produce 28Mg. The 
high cost of acceleration  and the com plex processing procedures necessary 
fo r  obtaining a high degree of purity make this method uneconom ical.

5. 1. Targets

T argets reported in the literature fo r  rea ctor  production of 28Mg are 
M g-L i a lloys. Specific activities obtained with a lloys w ere severa l tim es 
higher than those obtained with m ixtures of m agnesium and lithium compounds
[29].

Lithium  enriched to 96% by wt. 6L i (the abundance o f 6Li in natural 
lithium is 7. 5% by wt. ) is usually used fo r  the target. Removal of TLi from  
the target prevents triton  energy dissipation in co llis ion s  with 7L i atom s, 
before they can react with 26Mg nuclides. The magnesium component of the 
alloy is either natural magnesium (11. 3% 26Mg) or enriched to ~99% 26Mg 
[27]. The use of the latter increases the product specific activity thirtyfold
[30] ; however, the production cost is also increased due to the high price of 
enriched magnesium . The optimum weight per ■'•ent of lithium in the alloy 
fo r  thin targets is 75% [29] .

Thin targets are necessary in order to avoid self-shielding effects which 
would reduce the yield  of ‘28Mg. Highly purified alloy is  required to m ini
m ize  contam ination. The m ain contam inants are tra ces  of sodium  which 
cannot be com plete ly  rem oved  fro m  lithium , and o x y g e n -1'6 present as a 
result of a ir oxidation. On irradiation  in a rea ctor  the oxygen leads to the 
form ation  of the undesirable 18F activity through the lsO(t, p )18F reaction. 
M ethods fo r  con trollin g  oxidation are mentioned below .

M etallic 6L i and 26Mg in the weight ratio  of 3 : 1 are  m elted together 
at 650°F in a dry box in an argon atm osphere. The molten alloy is  poured 
into moulds, rapidly cooled to ensure homogeneity and im m ersed in mineral 
o il to prevent direct contact between the alloy and the air oxygen. The alloy 
is  ro lled  to 0. 010-in. -th ick  strips. The prepared fo ils  are placed in alu-

1 IAEA Safety Series No. 6.
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minium cans, in a neon or a helium atm osphere to prevent oxidation. The 
cans are tightly sealed so as to prevent replacem ent of helium by air during 
irradiation [27] .

5. 2. Chem ical p r o c e s s e s

Upon rem ova l from  the re a c to r , the target m ateria l is  d isso lved  in 
water or in dilute HC1. M agnesium  hydroxide precip itates and the super- 
nate is  d iscarded . R adiochem ical im purities present include:
(a) 18F produced by triton reaction  with oxygen.
(b) 3H activity of unreacted tritons.
(c ) 24Na produced  by the rea ction s : 23Na(n, •y)24Na, 25jy[g(t, a|Z4Na and 

27 Al(n, or)24Na.
Steps should be taken, p r ior  to irradiation, to avoid the introduction of 

aluminium im purities.
The high tem peratures developed during irrad ia tion  m ay brin g  about 

a reaction  between the L i-M g  alloy and the aluminium target can. In order 
to prevent this reaction  an 0. 001-in . iron  fo il  is  p laced  betw een the a lloy 
and the aluminium can.

5. 2. 1. R em oval o f im purities 
5. 2. 1. 1. R em oval of 3H

The tritium  present in the target after irrad iation  is  rem oved  in two 
stages:
(a) The magnesium hydroxide precipitate is washed with ice water, slightly 

alkaline.
(b) The precip itate is  d issolved  in 0. 001 N hydroch loric acid solution and 

evaporated to dryness. This procedure is  repeated tw ice [27] .

5. 2. 1. 2. R em oval o f 18F im purities

Tw o m ethods m ay be used fo r  the e lim ination  o f 13F contam ination:
(a) M agnesium  hydroxide is  d isso lved  in concentrated h yd roch loric  acid 

containing F ' c a r r ie r  and the solution  evaporated [29] .
(b) A solution o f the Mg(OH)2 in 3 N HC1 containing KF c a r r ie r  is  passed 

through a Dowex 1(X8) ion exchange colum n (in the C l" form ). Three 
quarters of an inch of WOELM natural grade AI2O3, preconditioned with
0. 5 N NH4CI and washed with water, is added to the column. The 18 F 
rem ains adsorbed on the column.
The rela tive ly  short h a lf-life  of lbF (110 m in) s im p lifies  the problem  

since com plete decay m ay be allowed b e fore  use.

5. 2. 1. 3. R em oval o f 24Na im purities

Sodium -24 im purities are rem oved by an exchange between the radio
active 24]\ja antj an added sodium  solution, follow ed by a NaCl precipitation.

The magnesium hydroxide precipitate is dissolved in concentrated hydro
ch loric  acid. Sodium chloride is  then added and the solution is evaporated.
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Equal volumes of concentrated hydrochloric acid and ethyl alcohol are added. 
The solution is chilled in an ice  bath and the NaCl precipitate which contains 
the 24Na is  discarded [29].

5. 2. 1. 4. Rem oval of 59Fe im purities

Iron -5 9  activity  is  rem oved  by p recip ita tion  as fe r r ic  hydroxide. 
M agnesium  hydroxide is  d issolved  in dilute HC1 and 2-3 m g F e 3+ ca rr ie r  
are added. The solution is made basic to brom cresol green with NaOH. The 
precipitated Fe(OH )3 is  centrifuged and d iscarded . Small amounts of 45-d 
59Fe activity may still be present in the final product [29].

5. 2. 1. 5. R em oval of 56Mn, 64Cu, 65Zn and ll5Cd im purities

The purification is perform ed by a sulphide precipitation in the presence 
o f the appropriate ca r r ie r s . The lithium -m agnesium  alloy is d issolved in 
dilute HC1. C arriers of Mn, Cu, Zn and Cd are added. The solution is made 
basic  with ammonium hydroxide. The sulphides are precipitated on the 
addition of hydrogen sulphide. The precipitate is  centrifuged and discarded. 
This procedure should be repeated three tim es. The residual liquid is 
filtered  through a fine porosity  filte r  paper [5, 27, 28].

5. 2. 2. F inal purification

After purification from  the radiochem ical impurities as mentioned above 
the product 28Mg is  further refined by NaOH precip itations. The aqueous 
phase is  d iscarded  and the precip itate washed with ice  water. The magnesium 
hydroxide is  d issolved  in dilute hydroch loric  acid and the procedure is re 
peated two or three tim es. The final Mg(OH)2 precipitate may be dissolved 
in any acid fo r  further use [28, 29] .

Unidentified im purities may be rem oved by adsorption on a D ow ex-50 
colum n in the Na+ form  and washing with 1 N sodium  hydroxide [27]. This 
colum n may be used d irectly  as an 28A1 generator yielding u ltra-pure 28Al 
(>  99.999% ).

The ch em ica l y ields of the reported p rocesses  are 90 to 95%. Specific 
activities of approximately 40 mCi of the equilibrium mixture of 28M g-28A l/g  
o f stable magnesium are obtained [27].

R esidual n on -active im purities in the final product include F e , A l, Cu 
and Si in le s s  than 0. 01% each and 1 to 5% Na [29],

5. 3. C a r r i e r - fr e e  26M g production

C a rr ie r -free  28Mg is  produced in the 2'7A1(0', 3p)28 Mg reaction. Aluminium 
targets are bom barded with 41 MeV alpha p a rtic les . The target m ateria l 
is d isso lved  in concentrated sodium  hydroxide, and filtered  through a fine 
g lass  fr it . The p roced u re  is  based  on the fact that c a r r ie r - f r e e  Mg w ill 
form  a rad iocollo id  in basic solution and w ill be held up on a glass frit. The 
m agnesium  hydroxide is  washed severa l tim es with NaOH and water to r e 
m ove aluminium and sodium -24 im purities and then dissolved in dilute HC1 
or HNO3. The chem ical y ield  of this p ro ce ss  is  80% [7 ].
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6. RADIO ASSAY

B ecause of the short h a lf-life  o f 28A1, transient equilibrium  is rapidly 
established after any separation of magnesium. The comparatively energetic 
radiation of 28Al perm its its detection even in the presence of 28Mg.

Any standard m ethod fo r  beta o r  gamma counting might be applied to 
the 28M g -28Al detection. Beta counting of solid sam ples is perform ed with 
an end-window beta proportional counter or with a p lastic beta scintillation 
counter [5 ].

Gamma counting of 28Mg is preferred  because the sample can be counted 
both as a liquid or as a solid , and the counting procedure is  le ss  dependent 
on the weight of m aterial in the sample. Nal(Tl) scintillation counters [5, 27] 
or GM counters [4] are used. Radiochem ical purity is determined by gamma 
spectroscopy and half-life  measurements.
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PROCEDURES

BROOKHAVEN NATIONAL LABORATORY,
LONG ISLAND, N. Y . , UNITED STATES OF AMERICA*

1. GENERAL

The production  of 28]y[g is  based on the irrad iation  of 8L i - 26Mg alloy; 
6Li(n, t ) 4He, 26Mg(t, p)28Mg. M agnesium -28 is separated by the p rocesses  
of precipitation of magnesium hydroxide, followed by the dissolution and ion- 
exchange method.

2. EXPERIMENTAL PROCEDURE 
Irradiation

Target: Approximately 12 mg of 6L i26Mg alloy. Use 6Li26Mg
approxim ately 3 : 1 by weight. Use 6 Li enriched to 
96% and 26Mg enriched to 99%. Prevent air oxidation.

* Extracted from BNL 864 (T-347).
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Irradiation conditions: Irradiation of 3 d at the flux of 1. 2 -  1. 3X1013 n /cm 2s. 
R eactor yield: 100 Ci 28Mg28Al.
Chem ical yield : 90%.

Chem ical treatm ent

A. Target preparation

Weigh out correct amounts of 6Li and 26Mg metals separately and rapidly 
on an analytical balance.

Rapidly transfer m etal sam ples into dry box a ir lock  and flush with dry 
argon; ordinary tank argon is sufficiently dry fo r  this purpose.

T ra n s fe r  m etal sam ples fro m  a ir  lo ck  into dry box p rop er. The dry 
box should already have been filled  with argon. The argon flow -ra te  need 
only be sufficient to prevent back diffusion of a ir into box.

M elt sam ples together in graphite cru cib le  at ~ 6 5 0 °F  in furnace, 
stirring with a graphite rod. As soon as all is molten, proceed to next step.

Pour molten alloy into shallow graphite mould; rapid cooling will ensure 
homogeneity of alloy.

P lace ingot under o il fo r  transfer out of box; prevent a ir oxidation. 
M ineral o il is  satisfactory  fo r  this purpose.

Using a suitable sm all rolling m ill, ro ll to 0. 25 mm thickness. If target 
is  too  thick, the high a o f 6L i w ill ser iou s ly  d epress the internal neutron 
flux, reducing the sp e c ific  activ ity  of 28Mg.

Cut into suitable strips fo r  irradiation . This cuts easily  with ordinary 
s c is s o rs .

Store under oil; prevent a ir  oxidation.

B. Target irradiation

Clean alloy fo i l  with ethyl acetate, weigh and insert in slits  in 3 /4 -in . 
diam. graphite rod. Solvent rem oves oil. Rod acts as spacer, holder, and 
heat sink and has two longitudinal s lits , cut about 3 /4  of the way through. 
D ry box not needed if handling is  fa ir ly  rapid.

P lace loaded rod in suitable aluminium can and weld shut. Cap of can 
should have short length of l / 8-in . diam. tube attached to it.

Evacuate can via tube on cap and f i l l  with helium . Ordinary oil-pum p 
helium  is  sa tis fa ctory . Helium  prevents a ir  oxidation and is  a good heat 
tra n sfer  agent.

Crim p tube closed . End need not be welded if crim p seal is a good one. 
Irradiate in rea cto r  ~  3 d. Use coo led  hole to prevent sam ple from  

melting. Note: If sample m elts, thickness will increase and specific activity 
of 28Mg w ill decrease; see above.

Open can with rem otely -operated  opener. E nclosure must be capable 
of dealing with considerable  tritium  contamination from  6Li(n, o )3H.

The following special equipment is needed: low moisture, inert atmos
phere glove box ("d ry  box") with air lock . R em otely -operated  can opener. 
P rocess in g  glove box with 1 /2 -in . lead shielding suitable for handling gross 
tritium  contamination.
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Transfer graphite rod and alloy fo ils  to processing glove box. Dry inert 
atmosphere not required.

R em ove fo ils  from  rod and d isso lve , one at a tim e, in a minimum of 
H2O in a 50-m l p lastic centrifuge tube in an ice  bath. Reaction is rapid. If 
fo ils  are added too rapidly, they may ignite. Plastic centrifuge tubes insure 
against accidental breakage.

Add 3 drops 3 N NaOH and centrifuge. This assures minimum loss  of 
Mg. Centrifuge fo r  5 min.

D iscard  supernate. Contains 18F, 3H and 24Na. F lu orin e-18  com es 
from  (t, n) reaction  on oxide im purities; 3H com es from  unreacted tritons; 
24Na com es from  (n, y) reaction  on sodium  im purities, from  (t, o) reaction 
on residual 25Mg, and from  (n, a) reaction on Al im purities.

Wash tw ice with ice  water containing 3 drops of 3 N NaOH, discarding 
supernate. This reduces 3H and 24Na contamination.

D isso lve  Mg(OH)2 with concentrated HC1. Use ~  0. 5 m l HC1/10 mg 
alloy.

Pour into 50 -m l beaker containing stirrin g  bar and place on magnetic 
m ixer. This and the follow ing two steps are necessary only if the original 
26Mg becom es contaminated with Al during the reduction to metal.

Add three drops of 0.1% methyl red indicator while stirring. Add 0. IN  
NaOH until just yellow. This precipitates Al(OH)3- The end point is critical. 
Mg(OH)2 will precipitate if the pH goes too high.

Centrifuge and wash precip itate with H20 .  Combine supernate and 
washes and saVe. D iscard  precipitate.

T o  supernate add 3 mg F '  ca rr ie r  and 1 drop of 3 N HC1. Use KF for 
ca rr ie r , 30 mg F ' per ml.

P our supernate onto prepared ion exchange column.
Column preparation : In a 1-in. fritted  Buchner funnel settle 3 /4  in. 

o f Dowex 1X8 (C l" fo rm ). C over with cloth d isc and add 3 /4  in. of W oelm  
A120 3 (neutral grade) which has been previously conditioned with 0. 5 N HC1 
and washed tw ice  with H2O. The colum n rem oves  the rem ainder of 18F. 
T his is  n ecessa ry  fo r  subsequent 28Mg assay.

W ash the colum n with 75 m l of 0. 001 N HCl.
C om bine the effluent and tra n sfe r  to  the d istilla tion  flask . D istil to 

near dryn ess. Use g lass beads in flask  to prevent bumping. D iscard  the 
distillate. This step and the following two reduce the volume of the product 
(residual solution) and 3H contamination in it.

Add ~  50 m l 0. 001 N HCl and distil to near dryness.
Repeat._
Transfer residual solution from  distillation flask to beaker.
Wash the distillation  flask at least tw ice with 0. 001 N HCl and combine 

with the residual solution (the previous step). The final volume should be ~  5 ml. 
The solution should be water clear.

C. P ost-irrad iation  processing

3. ASSAY AND QUALITY CONTROL
A ssay  by w ell-type  scin tillation  counter standardized against 4ir |3 

counter.
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4. CHARACTERISTICS OF THE FINAL-SOLUTION

P roduct com position : 
R adioch em ica l purity:

S p ecific  activ ity :

28M gC l2 in dilute HC1 containing 1% NaCl.
95% 2SM g28Al, 5% 3H, tra ces  of 65Cu, 115Cd as of 
24 h fo llow ing p rocess in g .
40 m C i 28M g28A l /g  M g at the tim e o f shipm ent.



PHOSPHORUS-32

NUCLEAR D ATA

1. NUCLEAR PRO PE R TIE S

1 .1 . H a lf-li fe  

14 .45  d

1. 2. T ype o f  d ecay , and e n erg y  (M eV )

P ure beta em itter 

beta (/3 ') 1.71 (100%)

‘ 1. 3. D eca y  s ch em e

32-p
15
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2. NU CLEAR REACTIONS AND PRODUCTION

Reaction

Isotopic 
abundance o f  

the nuclide
(%>

Cross-
section
(barn)

A ctiv ity o f  elem ent 
at 1013 n /c m 2s 

(m C i/g )

1 h 24 h saturation

Secondary reactionsa 
and h a lf- life  o f  
nuclide formed

31P (n ,y )32P 100 0 .19  (th) 2. 1 48 1020 31P(n, p )31 Si 

(T  = 2. 62 h)

3zS (n ,p )3zP 9 5 .0 0. 065 (f) 0. 63 b 14. 8 b 318 b “ s c n .y f 's

(T  = 86. 7 d) 
isot. abund. t 
o  = 0 .26

33S (n ,p )33P

4. 22°Jo

(T  = 2 4 .6  d)
isot. abund.: 0. 75%
o^fj = 0.16, o(th) = 0.0023

For nuclear data see Refs. [ 1 - 5 ] .
a Only side-reactions producing nuclides with ha lf-lives  exceeding 1 h are taken into consideration, 
b The obtainable 32P activity per gram o f  elementary sulphur depends markedly on the sulphur- 

uranium-m oderator geom etry, i . e .  on the reactor type.

3. APPLICATIO N S

Phosphorus-32 is the only practical radioisotope of phosphorus. W ater- 
soluble phosphates o r  the free  acid are predominant form s in these applica
tions, but many organic labelled compounds have been prepared [6] and some 
o f them  are co m m e rc ia lly  available [7 ] , A b r ie f  c la ss ifie d  survey of 
published applications is  given  below .

3. 1. B io ch em is tr y  and b io logy
Study of r ib on u cle ic  [8] and d esoxyrib on u cle ic  acids [9] 
E nzym olog ica l studies [10]
Studies o f m icroorg a n ism s  [1 1 ], v iru ses  and bacteriophages [12, 13] 
M uscle ph ysio logy  studies [14]
Studies of m itochondria  m etabolism  [15]

3. 2. Plant m eta b o lism  116, 17]

Investigation o f photosynthesis [18]

3. 3. E n tom ology  119]

3 .4 . M ed icin e

D iagnosis and therapy o f neop lastic  d isea ses  [20, 21]
C ollo id a l ch rom ic  phosphate fo r  therapy of tum ours [20]
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3. 5. Analytical chem istry [22]

4. RADIOLOGICAL PROTECTION

4. 1. E xtern a l irrad iation

The m axim um  range of phosphorus-32 b eta -p a rtic les  is  800 m g/cm .2. 
The form ation of bremsstrahlung becom es important as the amount of activity 
increases. It results from  the retardation of the beta-particles in the shield
ing m aterial. The follow ing equation, based on an em pirica l relation [23], 
may be used fo r  estim ating S, the number of photons/s so arising.

S = 4. 07X107 X AZE
when

A = activity of the beta source (Ci)
E = maximum beta energy (MeV)
Z = mean atom ic number of the shielding m aterial.

It can be seen that low atom ic number shielding m aterials (such as water, 
p lastics , aluminium) give r ise  to less  brem sstrahlung [24 ].

Only the m axim um  energy value of photons, 1. 7 M eV, is  used fo r  
shielding calcu lations [23] . Experim entally the brem sstrahlung spectrum  
has been shown to have a maximum at 100-300 keV, depending on the atomic 
number [25] .

A practica l system  of shielding fo r  1 Ci of 32P would consist of 1 cm of 
P erspex  (to absorb the beta partic les ), follow ed by 1 cm  of lead (to absorb 
the brem sstrahlung).

A ctiv ities up to 50 m Ci can be safely  handled behind 1 cm  of P erspex  
only.

Even when handling sm all activ ities, say o f 1 m Ci, som e m easure of 
rem ote handling is  n ecessary , such as short tongs o r  fo rcep s , because of 
the high lo ca l beta dose on the surface of containers.

4. 2. Internal contamination

Phosphorus-32 is  classified  [26] as a class 3 (moderate toxicity) isotope 
and has an effective h a lf-life  of 14 d [27].

4. 3. Decontamination

Phosphorus-32 is m ore effectively removed from  surfaces [28] and from  
clothing 129] with dilute in organ ic a cid s  (at least 0. 002 N solu tions) than 
with alkaline or soap solutions. The presence of phosphate carrier increases 
the efficacy  of decontamination. General methods fo r  the treatment of active 
waste are applicable [30 ,31 ].

5. SURVEY OF PRODUCTION METHODS

The production p rocess  is based on the reaction  32S(n, p)32p. The ap
plication of the reaction 31P(n, 7 )32P is lim ited.
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The production p ro ce sse s  reported to date can be class ified  according 
to the ch em ica l fo rm  of the targets and the nature of ch em ica l separation 
m ethods.

5. 1. T argets

The targets reported  in the literature include the follow ing:
(a) E lem entary sulphur;
(b) Sulphur com pounds, such as sulphates, polysulphides, e t c . ;
(c ) Red phosphorus and phosphorus com pounds.

Sulphur: Highly purified sulphur must be used. Purification methods include
extraction with acid, treatment with magnesium oxide (rem oving the organic 
m atter), and distillation  [32-34] . Among the im purities arsen ic m ust be 
strictly controlled, as arsenic follow s 32P during processing. Sulphur offers 
the best exploitation o f the rea cto r  space capacity ; on the other hand, the 
separation  of 32P is  not sim ple.

Sulphur com pounds: The advantage of using a w ater-soluble sulphur com 
pound as a target lies  in the easy conversion  of the 32P nuclide to the phos
phate form . M ost sulphur compounds used p ossess  high therm al stability. 
The dried Analar grade compounds are used either d irectly  or for the p re 
paration of the target compound (i. e. poly sulphides). The sulphur content 
(22. 57, 24. 95, 57. 7 and 67. 9% fo r  sodium  sulphate, m agnesium  sulphate, 
potassium polysulphide and sodium polysulphide, respectively) is important 
fo r  neutron econom y.

5. 2. Chem ical p r o c e s s e s

C hem ical p ro ce sse s  can be c la ss ified  accord ing to the target m aterial 
used. In each p ro ce ss  there are the follow ing steps:
(a) Separation of the 32P from  the target;
(b) Purification , if n ecessary ;
(c) F inal adjustment of the product.

The fo llow in g  is  a b r ie f  d escrip tion  of the p r o c e s s e s  rep orted  in the 
literatu re :

5. 2. 1. F o r  e lem entary  sulphur target

Phosphorus-32 atom s form ed  exist probably in the fo rm  of phosphorus 
sulphides [35 ], o r  are converted  to this form  during the heating of the i r 
radiated target [36] . R eactions o f 32P r e c o ils  with im purities  have a lso  
been reported  [3 7 ]. On extracting 32P into the aqueous phase, these phos
phorus sulphides hydrolyse and produce PO|' ions. The chem ical processes 
reported may be classified  as follow s:
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(a) Extraction of 32P from  molten sulphur

Extraction with concentrated nitric acid

M olten sulphur is  poured into boiling  concentrated n itr ic  acid  (a z e o - 
trop ic mixture, b. p. 121°C). 32P is extracted into the acid phase in 90-95%
yield. Sulphuric acid is also form ed [38-40] .

Extraction with dilute nitric acid under pressure

The use of dilute nitric acid reduces the amount of sulphuric acid formed 
during the extraction  p r o c e s s . The extraction  is  ca rr ie d  out with 0. I N  
n itric  acid  at a tem perature of 135-138°C  in a stationary autoclave o v e r 
night [32], or  with 0. 2 N n itric acid at a tem perature of 130°C in a rocking 
autoclave fo r  3 h [36, 41 -43] . P ro p e lle r -ty p e  agitation during extraction  
[44] has been abandoned [32 ].

These two extraction p rocesses  have the disadvantage of simultaneous 
extraction of corros ion  products (Fe3+, C r3+, Ni2+, etc. ) and im purities in 
the sulphur (M g2+, A l3+, trace  elem ents, and in som e cases arsen ic). The 
following methods have been proposed for further purification and separation 
from  sulphuric acid (containing 35S).

C o-precip itation  of 32P with fe r r ic  hydroxide [38-40, 44] or lanthanum 
hydroxide [32, 36,43], with subsequent cation exchange treatment to re 
m ove the introduced cation; in the fo rm e r  case , solvent extraction by 
is o -p ro p y l ether is  also used;
A dsorption  of 32P on dialysed iron  (in acid  solution, pH 1-4) [45, 46] 
o r  on a sp ecia lly  p repared  fe r r ic  hydroxide bed [47] .
A rsenic can be rem oved from  the 32P as the volatile arsenic tribrom ide 

[43] . Organic m atter from  the exchange resin  column can be destroyed by 
hydrogen peroxide [36] . T o avoid the form ation  of polyphosphates of 32P 
'on lo ca l hot areas of the glass surface during the evaporation to dryness of 
32P solutions, a sp ec ia l evaporator heated by xylene vapour at 140°C has 
been used [3 6 ,4 3 ]. A total y ield  of 60-80% is  reached using the above 
p ro ce sse s  [43, 48 ].

E xtraction with acetic acid and acetic  anhydride m ixture (3 : 1).

This p rocess was proposed to minimize the formation of sulphates during 
the extraction. The extraction conditions are: tem perature 120-130°C, ex
traction  fo r  15 min using air mixing. A yield  of 70-85% is reported. Sub
sequent purification of the 32P is  n ecessary  [49, 50].

(b) Extraction of 32P from  solid, fine-grained  sulphur

B ecause of the diffusion of 32P in the solid  phase, it can be extracted 
with boiling w ater in the presen ce  of a sm all quantity of 2 -octan ol as 
a wetting agent [51-54] . The e ffic ien cy  of the extraction  depends greatly 
on the p article  s ize ; fo r  exam ple, 1-2 h extraction  y ields 90% fo r  a finely
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ground target and 76% fo r  sublim ed sulphur. No ch em ica l o r  radioactive 
im purities are present. P oor stability of the powdered target at higher 
neutron fluxes (form ation  of aggregates 1.55] or m elting of the target 156]) 
sets the lim it to this method.

(c) Separation of 32P from  sulphur d issolved  in an organic solvent

E xtraction into an aqueous phase

The irrad ia ted  target is  d isso lved  in the organ ic solvent, and 32p i s 
extracted  into the aqueous phase (h ydroch loric  acid  in m ost ca ses ). The 
follow ing solvents fo r  the dissolution  o f sulphur have been proposed : t r i -
chloroethylene [33,57], carbon disulphide [33, 57, 58], tetrabromoethane [57], 
ch loroform  [33], benzene [33, 59], toluene [59], aniline [33], decaline [60, 
61] and tetrachloroethylene [55] .

The follow ing solvents have been used fo r  routine production: 
Trichloroethylene: 500 m l of the solvent for  50 g sulphur, extraction with

0. 1 N hydrochloric acid for 0. 5 h, yield of 84-93% [33]; 
Toluene: 7 .6  1. of the solvent fo r  660 g sulphur, extraction with

300 m l of 0. 01 N hydrochloric acid, twice fo r  25 min, 
total yield of 90% [59];

T etrach loroethylene: extraction  with 0. 1 FJ h ydroch loric  acid fo r  severa l 
hours [55];

D ecaline: extraction with 0 .3  N hydrochloric acid fo r  one hour
[61].

In som e cases  subsequent purification  p ro ce sse s  have been em ployed 
including cation exchange treatment [55] and heating with active charcoal [61].

Adsorption on silica  gel or alumina

The separation of 32P is  done by adsorption on s ilica  gel [62] or on an 
alumina [63] colum nfrom the irradiated sulphur dissolved in carbon disulphide 
[62] or toluene [63].

(d) Separation of 32P from  sulphur by distillation of sulphur

The irradiated sulphur is  d istilled  off in a stream  of inert gas (500°C) 
[64] or under vacuum (5 mmHg, approxim ately 400°C) [65 ], when the 32P 
rem ains in the residue and is taken up with boiling 0. 01 N hydrochloric acid. 
The yield is nearly 100% and no purification is needed [56, 64, 65].

5. 2. 2. Sulphur compound as targets

The bulk of 32P atom s is easily  changed to phosphate fo r  the m ajority 
o f soluble sulphates, when d isso lved  in water; the y ield  is  up to 100% fo r  
long irrad iation  [66-70] . M ore than 94% of the 32P activity  is  present in 
the phosphate form  after dissolution of the polysulphides in water [70, 71]. 
The separation  of 32P from  the sulphate or polysulphide solution has been ' 
achieved by adsorption  o r  co -p recip ita tion . The fo llow ing gives the p ro 
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ce s s e s  fo r  individual targets, except fo r  carbon disulphide [72-77] which, 
being insoluble in water and inconvenient as a reactor target, is mentioned 
here only fo r  com pleteness.

(a) Sodium sulphate

A fe rr ic -h y d rox id e  bed prepared  from  a cation exchange resin  in the 
fe r r ic  ion form , is used to adsorb 32P from  the dissolved target. The elu
tion of 32P is  done with sodium hydroxide. Up to 80% yields were obtained 
[47] .

(b) M agnesium sulphate

Adsorption of 32P on alumina

A dsorption  on an alumina colum n fro m  acid solution with subsequent 
elution with 2.5 N [78] or 0. 5 N sodium  hydroxide [79] and rem oval of 
cations on a cation exchanger gave a total y ield  of 70% [78] .

A dsorption of 32P on m agnesia

Adsorption on magnesia from  a solution of pH 7. 5 under mixing (50 mg 
of 100-200 mesh powdered magnesia, temperature 60°C, operation time 2 h) 
with subsequent dissolution of the separated magnesia in acid and the removal 
of the magnesium by ion exchanger showed a yield of 85-90% [61, 80] .

Adsorption of 32P on magnesium metal

A dsorption  on m agnesium  m etal from  a neutral solution is  com pleted 
in 2-3 h with m ixing at room  tem perature; 1 m g of m agnesium  pow der of 
100-200 m esh p er 1 m l of 1 M m agnesium  sulphate is  used. A total y ield  
o f 80% is  obtained, a fter m agnesium  rem ova l on a cation exchanger [81] .

C oprecip itation  of 32P with m agnesium  hydroxide

Coprecipitation of 32P with magnesium hydroxide with subsequent cation 
exchange treatm ent fo r  the rem oval of magnesium resulted in a yield  of 80% 
[82 ]. The precip itation  is  best ca rr ied  out in a boiling solution [71].

(c ) Sodium or potassium  polysulphide

Phosphorus-32 has been coprecipitated with magnesium hydroxide from  
a boiling water solution of the target. M agnesium ions w ere then rem oved 
on a cation exchange resin . The total y ield  was reported to be 70-76% [71 ,83 ],

5. 2. 3. Phosphorus compounds as targets

E lem entary phosphorus and som e of its com pounds can be used as 
targets if  a product o f re latively  low sp e c ific  activity is  acceptable. The 
behaviour and stabilization  of re co iled  32P in the target depends on ir r a -
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diation conditions and p ost-irra d ia tion  treatm ent. F o r  exam ple, the 32P 
activity in irradiated phosphates has been found in the form  of nine different 
com pounds a fter a short irrad iation  [84 ], and in two o r  three com pounds 
after a long irradiation [85 -87 ]. Therm al treatment of the irradiated com 
pound usually increases the activity of 32P in the parent m olecule. Chemical 
processin g  is  therefore n ecessary  in order to obtain a radiochem ically pure 
product. v

Phosphorus pentoxide has been used fo r  the production of a2P -labe lled  
phosphoric acid  [88] ; boiling  the d isso lved  com pound with ch a rcoa l is  ne
cessary to hydrolyse pyrophosphoric acid and to rem ove insoluble polym eric 
phosphorus com pounds. V arious phosphorus halides, such as phosphorus 
trihalides [8 8 -9 0 ], as w ell as phosphorus pentasulphide [88 ], phosphorus 
sulphobromide [89], e t c . , can be prepared from  irradiated red phosphorus. 
These phosphorus halides and sulphides have been used fo r  syntheses of 32P - 
labelled compounds.

6. RADIOASSAY

A relative m easurem ent is  recom m ended fo r  routine w ork. The 
counting equipment can be ca librated  with standardized solutions of 32P. 
Phosphorus-32 standard solutions are com m ercially available, their activity 
usually being determined by 47r absolute counting.

Counting of the product can be carried  out using either a liquid-counter 
or a normal counter under which an aliquot of the solution is placed in a small 
beaker o r  planchet. Scintillation counters as w ell as GM counters can be 
used fo r  this purpose. M easurem ent of aliquots of undiluted product can be 
conveniently carried  out using a w ell-type ionization cham ber.
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PROCEDURES

INSTITUTE OF NUCLEAR SCIENCE, 
NATIONAL TSING HUA UNIVERSITY, 

HSINCHU, TAIWAN, REPUBLIC OF CHINA

1. GENERAL

Phosphorus-32 is prepared by the nuclear reaction 32s(n, p)32p. phos
phorus is separated from  sulphur by dry distillation of sulphur in a nitrogen 
stream . Finally, phosphorus is  extracted from  the residue with dilute 
hydroch loric  acid.

2. EXPERIM ENTAL PROCEDURE 

Irradiation  

Target:

Irradiation container:

Flux:
Irradiation tim e:

Chem ical treatm ent

The irradiated sulphur is  placed in a distillation  flask  made of quartz. 
The flask i s  fitted to a rece iv er  with a ground joint. Pass nitrogen gas 
through the d istillation  unit. Switch on the heating system . The internal 
tem perature o f the flask  reach es ~ 4 0 0 °C  after 3 0 ~ 4 0  min. D istillation  
of sulphur takes place and the sulphur is collected in the receiver for re-use. 
Sulphur which escapes in the fo rm  of vapour is  co lle cted  in the condenser 
fitted to the re ce iv e r . A fter the distillation of sulphur is com pleted, the 
flask  is  allow ed to  co o l and the n itrogen  stream  is  cut off. Add 50 m l of
0. I N  hydrogen ch loride to the flask, which is  then fitted with a condenser 
and refluxed fo r  two hours to leach  out the phosphorus. A fter cooling  the 
solution is  passed into a column of cationic exchanger (Amberite IR-120 con
ditioned in HT form ). The effluent is  collected  and transferred  into a con 
centration v esse l to adjust the concentration.

About 95 m Ci of phosphorus-32 is obtained.

100 g of elem entary sulphur purified by sublimation 
four tim es is m elted and-cast into rods.
The target is  wrapped with aluminium foil and sealed 
into the aluminium can 4. 7 cm diam. X 9 cm.
1 . 6 X 1 0 1 2  n/cm 2 s.
30 h.
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3. ASSAY AND QUALITY CONTROL

The ch em ica l analysis of the product is ca rr ied  out accord in g  to Oak 
Ridge National L aboratory  M aster A nalytical Manual 90733601-4. The 
chem ical form  of phosphorus-32 is determined by ascending paper chromato
graphy. P harm aceutical control is ca rried  out accord ing to Minimum R e
quirem ents of R adioactive D rugs, M in istry  o f Health and W elfare, Japan 
(1962).

4. CHARACTERISTICS OF THE FIN AL SOLUTION

C hem ical form : 
Concentration: 
S pecific  activity : 
A cidity :
R ad ioch em ica l purity:

H3PO 4 in HC1 solution.
2. 3 m C i/m l. 
C a r r ie r -fr e e .
0 .1  -  0. 15 N HC1.
> 99%.

THE NUCLEAR RESEARCH INSTITUTE, 
ftE £ , CZECHOSLOVAK SOCIALIST REPUBLIC

1. GENERAL

P hosphorus-32 is separated from  an irradiated  sodium  pentasulphide 
target by co -p recip ita tion  with m agnesium  hydroxide. The subsequent se 
paration o f m agnesium  ions is  ca rried  out on a D ow ex-50 cation exchange 
resin. Phosphorus-32 rem ains in the eluate. The total yield is in the range 
of 70-76% . P hosphorus-32  is  present in the fo rm  of phosphate ions. The 
method is patented [ 1 ] .

2. EXPERIM ENTAL PROCEDURE 

Irradiation

T arget: Sodium pentasulphide prepared by m elting sodium
carbonate (pro analysi) and elementary sulphur (p.a.) 
in a graphite crucible at 450°C fo r  four hours. The 
com position  of the m elt is  3Na2Ss+ Na2 SO4 and the 
total sulphur content 67. 9%. The m elt is cast into 
graphite moulds.

Container: Aluminium container.
Irradiation conditions: Irradiation fo r  160 h (20 h /d , 4 d a week) at a flux

of 1X1013 n /cm 2 s. Each cylinder of polysulphide
is wrapped in aluminium fo il o f 0. 1 mm thickness
Two hundred and seventy gram s of target m aterial
is  sufficient to produce 1. 5 Ci.
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The ninety gram s of target m aterial are stored fo r  five days, to allow 
the 24Na to decay, and then d issolved in 1 litre  of hot d istilled  water. The 
insoluble residue, if present, is rem oved by paper filtration  and 750 mg of 
M g2+ are added to the c lear solution. The solution is then heated to boiling 
tem perature and the precipitated magnesium hydroxide is separated by de- 
cantation and filtration, and washed with water. The precipitate is dissolved 
in dilute hydrochloric acid, and elem entary sulphur, if present, is filtered 
off. The c lea r  solution is  neutralized with 1 N sodium  hydroxide (thymol 
blue; red -ye llow ) and the resulting precip itate  is  boiled  fo r  3 min.

A fter a short coo lin g  p eriod  the precip itated  m agnesium  hydroxide is  
rem oved with a sm all paper filte r  and washed with water. The filte r  with 
the precipitate is  then tran sferred  into the sam e flask  in which the precip i
tation was carried  out, 30 m l of water and 5 drops of thymol blue are added 
and the precipitate is dissolved in a 0. 3 N solution of hydrochloric acid while 
being gently heated. The excess  of acid is carefully neutralized with a solu
tion of sodium hydroxide to pH 2 (the transition point of the indicator) and the 
solution is  tran sferred  to a cation exchanger column (15 g Dow ex-50 in the 
hydrogen form ).

The colum n is  washed with 30 m l of water and the eluate containing the 
phosphorus-32  and h y d roch lo r ic  acid  is  evaporated to d ryn ess. O rganic 
m aterials are destroyed by heating with 10 m l of 30% hydrogen peroxide and 
evaporating to dryness. This operation is  repeated. The phosphorus-32 is 
then d issolved  in hot 0 . 01 N h yd roch loric  acid and the solution is filtered  
through a glass filte r  to rem ove insoluble p articles . This solution is used 
fo r  the production of all 32P phosphate compounds.

The p ro ce ss  is  ca rr ied  out in a lead -sh ielded  box. The evaporator is 
heated with xylene (b .p . 1 4 0 - 143°C) to prevent the p olym erization  of 
phosphate ions.

3. ASSAY AND QUALITY CONTROL

The 32P content is  estim ated by liquid counting in a counter which has 
been calibrated with a standard 32P solution. Phosphorus-32 standards are 
prepared by 4jr counting. The radioactive purity is checked fo r  each batch 
o f the target. A first test fo r  heavy m etals is carried  out im m ediately with 
the sodium sulphide solution (Pharm acopoeia method). If this is negative, 
the product is dispensed before  a com plete spectrographic analysis is done.

The amount of 32P as orthophosphate is determined by ascending paper 
chrom atography (isopropanol 7 5 m l, water 25 m l; tr ich loroa cetic  acid 5 g, 
ammonium hydroxide 0. 3 m l) in the presence of ca rr ie rs  of phosphate and 
pyrophosphates.

Chemical treatment

4. CHARACTERISTICS OF THE FINAL SOLUTION

A solution of 32P phosphoric acid in 0. 01 N hydroch loric  acid. 
R adioactive concentration: 10-20 m C i/m l.

313



R adioactive purity: 
R adiochem ica l purity: 
C hem ical purity:

Specific activity:

32P content 99. 5%, the rest m ainly 33P. 
Orthophosphates at least 95%.
Heavy m etals content below  the sensitivity of 
sulphide test.
> 300 m C i/m g  P.

R E F E R E N C E

[1 ] CfFKA, J. , Czechoslovak patent 107306 (Dec. 1961).

CENTRE D'ETUDES NUCLEAIRES DE SACLAY, FRANCE

1. GENERAL

Irradiation of a natural sulphur target results in the production of 32P 
by the (n, p) nuclear reaction 33S(n, p )32P. The most probable chemical state 
of this phosphorus is  the oxide. The conclusion  is therefore  that the sepa
ration su lphur-32P can be effected by fractional distillation.

A method practised in the United Kingdom [1 ], which has been patented, 
recom m ends d istilla tion  of sulphur at atm ospheric p ressu re  and at a 
tem perature of about 500° C under a stream  o f gaseous nitrogen. The re 
ported separation y ie ld  is  99. 9%. Making up the distillation  residue with 
an oxidizing solution g ives 32P in the form  of orthophosphoric acid.

This method has two appreciable drawbacks: use of a fa irly  high tem pera
ture and, above all, danger of fire  during the operation. It is  therefore de
sirable to carry  out distillation under 1 mm of m ercury at a temperature of 
about 180°C. F urtherm ore , final purification  of the H 332P 04 solution by 
passage over an ion exchange resin ensures a very sm all content of trouble
som e m etallic ions.

2. EXPERIMENTAL PROCEDURE 
Irradiation

Target: . Prolabo technical sulphur purified by double distilla
tion; purity over 99%.
Irradiation of 10 or 20 capsules, each containing 
40 g of sulphur.

Irradiation  conditions: Swimming p ool reactors  are used because of their
high fast neutron flux available.
Irradiation in MELUSINE fo r  one month. Fast flux 
2 - 4 X 1 0 12 n /c m 2s.
Irradiation  in SILOE fo r  three w eeks. F ast flux 
about 7 X 10 12 n /c m 2 s.
Irradiation  in TRITON fo r  one month. Fast flux 
2 - 4 X 1 0 12 n /c m 2 s.
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Irradiation container: E L -3  type container: aluminium capsule, cylin
drical, internal diam. 22.5 mm 
and internal length 65 mm. 

SILOE-type container: aluminium capsule, internal 
diam. 19. 9 mm and internal 
length 55 mm.

Side reactions: The form ation  of 33P and 34P by the follow ing r e 
actions: 33S(n, p )33P and 34S(n, p )34P. The presence 
of 33P is of slight im portance because of its sm all 
c r o s s -s e c t io n , and 34P soon becom es insignificant 
because o f its very  short h a lf-life .

C hem ical trea tm ent  

Separation method

A fter uncrim ping the irradiation  tubes, the sulphur is  poured into 
a quartz distillation  flask. The flask  is  fitted to a re ce iv er  and the vacuum 
pump and heating system  are switched on. Distillation takes place at 180°C 
and 1 m m  of m ercu ry , and at this tem perature the sulphur is  light orange 
in co lou r, becom ing  dark red if  a b ig  r is e  in tem perature occu rs .

When d istilla tion  is  com pleted  the fla sk  is  f ir s t  left to  co o l, then the 
vacuum is cut off; 100 m l of N /10 hydrochloric acid, 5 m l of 110 vol. hydro
gen peroxide and 30 m l of N /10 hydroch loric  acid are added in succession . 
The flask is fixed under a condenser and heated to boiling with refluxing for 
two hours. After cooling, the solution is passed over a Dowex-50 resin 
colum n. The fla sk  is  then rin sed  with 20 m l o f N /1 0  h y d ro ch lo r ic  acid .

The operation is com pleted by collecting the purified solution in an eva
porator bottle. The solution is  evaporated alm ost to dryness and four p or
tions of N /10 hydrochloric acid from  the resin  washing are collected . They 
are evaporated alm ost to dryness, and then two portions of 2 m l of 110 vol. 
hydrogen peroxide, followed by two portions of 4 ml of doubly distilled water 
are added, which are evaporated separately almost to dryness.

L astly , two portions of 30 m l doubly d istilled  w ater are used to make 
up the final solution of orthophosphoric acid H332P0 4 with a specific activity 
of 50 to-150 m C i/m l.

Apparatus (F igs. 1, 2, 3)

(a) Sulphur distillation unit: this consists of a m obile quartz flask, which 
m oves on a m echanical tro lley  and tilts fo r  introduction of the target, and 
a fixed  re ce iv e r  which co lle c ts  the d istilled  sulphur. A fter one operation 
the distilled sulphur is run off into a cardboard container by heating and dis
carded. The flask and the receiver are fitted together by an absolutely flush- 
ground joint. The movements of the flask are controlled by a manual system 
which can be locked at will.
(t>) Reflux condenser: fitted to the flask by a flush-ground joint.
(c) Dowex 50 resin  column: laboratory glassware.
(d) Evaporator vesse l: double-jacket re serv o ir , one containing xylene which, 
brought to the boil, heats the second containing the solution.
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F I G .l .  Apparatus for the production of 32P (fro n t-fa ce)

FIG.2 . Apparatus for the production o f 3ZP (rear panel rem oved)

From left to right: D istillation phase 
Purification phase 
Arrangements for rem oval



1. Irradiated sulphur load
2. Distillation
3. Dissolution
4. Passage over D ow ex-50 resin
5. Evaporation
6. Recovery o f H3 32 P 0 4 solution for storage

FIG .3. 32P flowsheet

3. ASSAY AND QUALITY CONTROL 

Radioactive m easurem ent of the solution.
R adioactive con tro l: checks the absence of im purities and y -  and 13-  

em itters .
C hem ical purity control: the m eta llic im purities content must not ex

ceed 10 jug/m l on an average.
R adioch em ica l purity con tro l: con sists  of determ ination  of the poly 

phosphates present in the solution [2] . P aper chrom atography is ca rried  
out with acid (isopropanol 75 m l, w ater 25 ml, tr ich loroa cetic  acid 5 g, 
ammonia 0. 3 ml) and alkaline (n-propanol 30 ml, ethanol 30 ml, water 30 ml, 
am m onia 1 m l) baths; it is  p oss ib le  to separate the phosphoric acid  from  
the condensation produ cts: pyrop h osph oric , tripolyphosph oric  and m eta - 
phosphoric acids.

The proportion  of polyphosphates is  gen era lly  low er than 1%.

4. CHARACTERISTICS OF THE FINAL SOLUTION

R eferen ce : 32P S -l  -  a2P phosphoric acid  solution, c a r r ie r - fr e e , 
non-in jectable

A sterile  solution of phosphoric acid H3 32P 04  in about 0. 01 N HC1, pH 
about 2, m eeting the follow ing specifications:
Radioactive concentration, m easured to within 5%: 40-50 m C i/m l average;

100 m C i/m l maximum.
Radioactive purity:' 32P content >99. 9% (h a lf-life  and coefficien t of

m ass absorption ch aracteristic  of 32P). *
R adiochem ical purity: Orthophosphoric acid content > 95%.
Specific activity: Above 1 C i/m g .
No troublesom e chem ica l im purities.



Aqueous, neutral, isotonic, sterile and pyrogen-free solution of sodium 
phosphate Na2H32P0 4 , meeting the following specifications:
Radioactive concentration, measured to within 5%: 2 m C i/m l.
Radioactive purity: 32p content >99.9% (half-life  and coefficient of

m ass absorption ch aracteristic of 32P). 
R adiochem ical purity: Orthophosphate content > 95%.
Com position of the solution: As indicated in the French Pharm acopoeia:

Sodium radiophosphate unweighable quantity
Anhydrous Na2H P04 450 jug
NaCl 9 mg
D istilled water 1 ml

Sterile.
Pyr.ogen-free.

R eferen ce : 32P S-2 -  Solution of sodium phosphate 32P, injectable

R E F E R E N C E S

[1 ] EVANS, C .C . , STEVENSON, J. , Improvements in or relating to production o f radioactive phosphorus, 
British Patent No. 765489.

[2 ] COHEN, M .Y . , Produits pharmaceutiques 17 (Jan. 1962).

ATOMIC ENERGY,ESTABLISHMENT TROM BAY, BOMBAY, INDIA

1. GENERAL

Neutron irrad iation  of natural sulphur y ie lds c a r r ie r - fr e e  32P by the 
(n, p) reaction . The 32P produced is  stabilized  in the non-volatile form  of 
phosphate and so, can be separated from  sulphur by distilling off the latter. 
The distillation  is  ca rried  out under reduced pressu re (1 -5  mm of Hg) at a 
tem perature of 150-200°C and the 32P is  leached out with dilute HC1.

2. EXPERIM ENTAL PROCEDURE

Irradiation

Target: Sulphur, purified by boiling with sulphuric acid and
nitric acid, then with repeated washing with distilled 
water, and finally by the distillation under reduced 
p ressu re U] . Cast into blocks approximately 50 g 
in weight. The purity is le ss  than 1 ppm of heavy 
m etal im purities and le ss  than 2 ppm of carbon. 

Irradiation conditions: C overed with thin aluminium foil,' enclosed in cans
(Type A, screw ed capped IS  aluminium can of 73 mm 
height and 26.5 mm diam .), and irradiated in APSARA 
fo r  4 weeks at a fast flux of 1X1012 n /cm 2 s.
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Chemical treatment

A fter decapping the cans, the contents are tra n sferred  into a funnel. 
The funnel is  gradually heated to about 130°C when all the sulphur m elts 
down into the distillation flask. The distillation assem bly is then connected 
to the vacuum pump and the heating furnaces are switched on. The distilla
tion of sulphur takes place at a temperature between 150-200° C at a pressure 
o f 1 -  5 mmHg. A fter com pletion  of distillation , the system  is allowed to 
cool and the vacuum is released. Fifty m illilitres of 0. 5 N pure hydrochloric 
acid is added to the distillation flask and then it is heated to 7 0°C for an hour 
to leach  out the H 332P 0 4 . The 32P solution is  allow ed to c o o l and is  then 
siphoned out into a graduated g lass storage bottle.

R e c o v e r y  o f sulphur

It is observed  that only tra ce s  o f the 32P activity are ca rr ied  over by 
the distilled sulphur. This sulphur has been form ed suitable fo r  re-irradiation . 
The co llected  sulphur is m elted down, cast into b locks and is sent fo r  
irradiation  again.

3. ASSAY AND QUALITY CONTROL

The stock solution is  assayed fo r  radioactivity by beta counting, using 
a GM counter.

The total solid  content is determ ined by evaporating a known volume of 
the stock solution and then weighing the residue.

The absence of heavy m etals is confirm ed by the hydroxide and sulphide 
precipitation tests.

The radiochem ical purity is determined by paper chromatography using 
a solvent m ixture con sistin g  of isopropanol, am m onia and tr ich lo roa ce tic  
acid.

R j of orthophosphate 0. 76
R f of metaphosphate 0. 00
R f of pyrophosphate 0 .40 .
The rad ioactive purity is  determ ined by finding out the range of beta 

p a rtic le s  in alum inium  using a GM counter.

4. CHARACTERISTICS OF THE FINAL SOLUTION 

Code P - l

S pecific activity : C a r r ie r -fr e e .
C hem ical fo rm : H 3PO 4 in dilute HCl.
A cid ity : A pprox. 0 .1  N HCl.
R ad ioch em ica l purity: Orthophosphate content is  g rea ter  than 95%.
C oncentration: 1 -2 0  m C i/m l.

319



Code pH M -2: for medical use

Phosphorus-32 as sodium orthophosphate in isotonic saline solution con
taining phosphate buffer, pH 7. Solution sterilized.
Phosphate content: 1 m g/m l.
Concentration: 1-2 m C i/m l.

R E F E R E N C E

l l j  MURPHY, T.J. et al. , J. Res. Natl. Bureau ot Stds. , 64A (1960) 355.

JAPAN ATOMIC ENERGY RESEARCH INSTITUTE, 
TOKAI, IBARAKI, JAPAN

1. GENERAL

The production p ro ce ss  is  based on the irradiation  of a sulphur target, 
and the separation of phosphorus by the sublim ation of sulphur under a 
nitrogen  stream . The phosphorus is  extracted  from  the residue by 0. 1 N 
h yd roch loric  acid.

2. EXPERIM EN TAL PROCEDURE

Irradiation

Target m ateria l: 120 g (60 g X 2 capsules) elem entary sulphur purified by 
sublim ation o f crysta llin e  sulphur four tim es (JISGR)1. 

Container: The target is  wrapped with aluminium fo il, then placed
in an aluminium capsule.

Flux: Fast: 1.5X1012 n /cm 2 s; thermal: 1.3 X1012 n /cm 2 s (JRR-1)l
Irradiation tim e: 15 h (5 h X 3 d).
Side reactions: Formations of 33P and 35S.

Chemical treatm ent

P roduction  is  based on the sublim ation of a sulphur target. The ap
paratus is  shown in F ig . 1.

R em ove aluminium fo il from  the target by the tong-m anipulator, then 
place the target in the sublim ation v e sse l (a).

■ F ix the cap on the sublimation vessel, then introduce a nitrogen stream 
at the speed of 2 -  5 bubbles per second.

1 Japan Industrial Standard Grade Reagent.
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(a ) Sublimation vessel (e )  Cation exchange resin column
(b) Receiver ( f )  Evaporator
(c )  Condenser (g ) Bottles o f  product
(d) Position o f  sublimation vessel for extraction

F IG .l. Arrangement o f  apparatus for 32P production

Heat the sublimation vesse l gently; the sublimed sulphur is collected  in the 
r e c e iv e r  (b). P art o f the sulphur which escap es  in the fo rm  o f vapour is 
co lle cted  in the condenser (c).

After the sublimation of sulphur, the vessel (a) is rotated to position (d); 
then fix the cap with the condenser and reagent feed pipe.

Add 60 m l 0. 1 N HCl, then boil for  four hours to extract 32P.
Pass the solution to the ion exchange resin (e) to remove cations.
Transfer the solution into the concentration vessel; concentrate the solu

tion to 0.3 m l under the in fra -red  lamp, then dilute with 20 ml distilled water.
D istribute the product solution into the bottle with the rubber and 

aluminium caps.

3. ASSAY AND QU ALITY CONTROL

Total solids, non-volatile  m ateria ls and heavy m etal contents are de
term ined by the follow ing m ethods;
Total solids: Evaporate 1 ml to 'dryness under the in fra-red  lamp,

then heat at 110°C and weigh.
Non-volatile m aterial: Evaporate 1 ml to dryness, heat at 600° C, then weigh. 
Heavy m etals: Com pare the co lou r with the lead standard solution

by the addition of hydrogen sulphide.
The aluminium and arsenic contents are determined by a spectrophotometric 

method by oxine, and by the Gutzeit method respectively.
Routine assay is carried  out with a 2n/3-proportional counter. Calibra

tion is made by a 4ir /3-counter.
The amount of ca r r ie r  in the product is.determ ined by a spectrophoto

m etric  method by molybdenum blue.
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4. CHARACTERISTICS OF THE FINAL SOLUTION

Chem ical form ; H3PO4 in HC1 solution; acidity is ~  0. 1 N.
R adiochem ical purity; O ver 99% (exclusive o f 33p ).
S pecific activity: C a rr ie r -fr e e .
Concentration; > 1 m C i/m l.

INSTITUTT FOR ATOMENERGI, KJELLER, NORWAY

1. GENERAL

Phosphorus-32 is  produced by irradiating finely-ground sulphur [1, 2 ], 
32S(n, p )32P. The radioactive phosphorus produced, being present mainly 
as orthophosphate [3 ,4 ] , is separated from  the target material by extraction 
with boiling water, with subsequent evaporation to a suitable volum e. The 
p ro ce ss  has been patented (Norwegian Patent No. 86832).

2. EXPERIM ENTAL PROCEDURE 

Irradiation  

T arget m ateria l:

Amount:
T im e o f irrad iation :
Container:
Flux:
Side reaction s:

The yield  of 33P 
very  short h a lf-life .

Chem ical treatm ent

B efore irradiation  the target m ateria l is  pretreated by heating it with 
2 N hydrochloric acid to 70°C for 1 -  2 h with continuous agitation. It is care
fully washed severa l tim es with distilled water, and finally dried in vacuum.

The irradiated  sulphur pow der is  extracted  with boiling water fo r  one 
hour; 2 -octanol is added as a wetting agent. A fter extraction the solid and 
liquid phase are separated by m eans o f filtration , and the 32P solution is 
concentrated by evaporation and finally  r e -f ilte re d .

3. ASSAY AND QUALITY CONTROL

R adioactivity , rela tive  G e ig er-M iille r  counting.
Isotop ic purity con tro l, j3-absorption analysis, y -spectrograph y . 
pH.
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Sulphur, M erck , D. A. B . 6 . ,  sp ecia lly  purified  and 
dried , finely  ground.
400 g.
3 w eeks.
2 alum inium  cans.
About 2X 10 11 n /c m 2s (fast neutrons).
33 S(n, p)33P (25 d).
34S (n ,p )34P (14. 2 s).

is  only about 0. 03% of the yield  of 32p( and 34p  has a 
These side reactions have no p ractica l sign ificance.



C hem ical purity con trol, em ission  spectrography.
R adiochem ica l purity con tro l, radiochrom atography.
Specific activity con trol, phosphorus content (spectrophotom etry). 
T ox ic ity  and pyrogen  con tro l, test on anim als.

A ll products are subject to  individual inspection  and approval by 
pharm aceutical personnel.

4. CHARACTERISTICS OF THE FINAL SOLUTION

FO -  orthophosphate in dilute h y d roch lor ic  acid  solution.
R adioactive concentration : 15-25 m C i/m l.
Isotop ic purity: G reater than 99%.
R adioch em ica l purity: 100% as orthophosphate.
Specific activity : 1000 m C i/m g  P.
pH: 2 -3 .
T ota l so lid s : L ess  than 0. 5 m g /m l.
Chem ical purity: Metals, spectrographically determined less than

10 /jg /m l.

FSI -  orthophosphate in isoton ic  solution containing phosphate buffer, 
s terilized .
pH: 7.
Total so lid s : 15 m g /m l.
Phosphorus c a r r ie r  content: 1 m g /m l.
Other specifica tions as fo r  FO.

R E F E R E N C E S

[1 ] SAMSAHL, K ., TAUGB0L, H ., A New Method for Extraction o f Radioactive Phosphorus-32, JENER Report 
No. 35 (1955)

[2 ] SAMSAHL, K. , Production o f  Radioactive Phosphorus-32 from Pile-Irradiated Sulphur, JENER Report 
No. 41 (1956).

[3 ] DAHL, J. B ., On the Chemical State o f Radioactive Phosphorus-32 Extracted into Water from Pile-Irradiated 
Sulphur, JENER Report No. 40 (1956).

[4 ] DAHL, J. B. , BIRKELUND, O. R. , "Investigations o f  the chem ical states o f  carrier-free phosphorus-32 
as extracted into water from pile-irradiated sulphur", Radioisotopes in the Physical Sciences and Industry, 
Proc. IAEA/UNESCO, Conf. Copenhagen (Sept. I960), IAEA, Vienna (1962) 471.

INSTITUTE OF NUCLEAR RESEARCH,
SWIERK NEAR OTWOCK, POLAND

1. GENERAL [1-8]

Phosphorus-32 is  obtained from  an irradiated elementary sulphur target 
by distillation. To prevent the ignition of sulphur during distillation the pro
cess is carried  out at 5 mmHg and 200-240°C. Yield of the process 90-95%.
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2. EXPERIMENTAL PROCEDURE

Irradiation

Target:
Flux:

Tim e of irradiation: 

Container:

Activity obtained:’

High purity elementary sulphur -  30 g.
Therm al neutrons 2X1013 n /cm 2 s.
Fast neutrons 1X1012 n /cm 2 s.
Two weeks in the reactor working 86 h per week at 
full power.
Aluminium capsule treated with hot concentrated nitric 
acid in order to clean it and reduce sulphur corrosion  
during irradiation. Closed by welding.
800 mCi of 32P.

Chem ical treatm ent
The container is  opened with a hand-operated rotary cutter and trans

ferred  to a heating device which allows the melting of sulphur; 60 g of liquid 
sulphur are placed into a quartz d istillation  flask . The flask  is  connected 
by a flat ground joint with a rece iv er . A vacuum pump is used fo r  lowering 
the p ressu re  in the apparatus down to 5 mmHg and then the heating system  
is turned on. The distillation is carried  out fo r  approximately 2 h and when 
sulphur is distilled off, the tem perature is raised and maintained at the 
higher level fo r  another 20 min.

After com pleting the distillation the apparatus is cooled and the distilla
tion flask  is connected by a flat ground joint with a reflux condenser; 15 ml 
of 0. 1 N HCl and 2 m l of 30% H2O2 are added. The flask content is then re
fluxed fo r  1-2 h. This operation is repeated after the addition of 4 ml 0. 1 N 
HCl and 1 m l o f 30% H2 0 2 - The resulting m ixture is cooled  and placed in 
an evaporator; 1 m l of 30% H2O2 is added. After evaporation to dryness the 
32P is desorbed by 0. 1 N HCl. The evaporator is heated with boiling xylene 
(b .p . 140-143°C) to prevent polym erization of the final product. The product 
is  filtered  through sintered glass and transferred to a receiving vessel. To 
separate im purities the product is passed through a cation exchanger column.

The orthophosphoric acid solution is used fo r  the preparation of other 
32P com pounds.

3. ASSAY AND QUALITY CONTROL

The activity of 32P is determ ined by a com parative method.
The standards are checked by 47r counting.
The ch em ica l purity is  determ ined spectra lly .
The radiation purity is  analysed by beta and gamma spectrom etry . 
The rad ioch em ica l purity is  controlled  by paper chrom atography.

4. CHARACTERISTICS OF THE FINAL SOLUTION

Solution of phosphoric acid (ortho) in HCl (approx. 0.1 N), pH approx. 1.
R adioactive concentration: Approx. 50 m C i/m l.
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Radiation purity: 
R adiochem ical purity: 
Specific activity: 
Im purities:

99.0%.
99%.
5-50 m C i/m l.
A s, Pb < 5 p g /m l .

R E F E R E N C E S

L1J ARROL, W. J. , HUDSWELL, F. , Atomic Energy Research Establ. , I/R No. 1033 (1953).
[2 ] SAMSAHL, K. , Atompraxis 4 I (1958) 14-17.
[3 ] PAULY, J . , SUE, A. P. , J. phys. et radium JUi 1 (1957) 22.
L4J HEVESY, G. , Radioactive Indicators, Interscience Pub. , Inc. , New York (1948).
[5 ] KORSHUNOV, I. A. , SHAFIEV, A.J. , Zh. Neorgan. Khim 3 (1958) 95.
L6J EVANS, C .C . , STEVENSON, Brit. Patent Spec. 765, 489.
L7J ZELENAY, R. , FIJALKOWSKI, J. , Rep. No. 392/XIII, INR, Warsaw.
L8J OAK RIDGE NATIONAL LABORATORY, Isotopes Division, Annual Report for 1957, ORNL 2492 (1963).

INSTITUTE OF ATOMIC PHYSICS, BUCHAREST, ROMANIA

1. GENERAL

The production of 32P is  based on the (n, p) reaction of sulphur targets. 
The separation  of 32P is  ca rr ied  out by the m ethod of solvent extraction .

2. E XPER IM E N TAL PROCEDURE 

Irradiation

T arget: Sulphur crysta llin e  p. a. , amount 25 -30  g.
F lux: 1 X 10 13 n /c m 2s.
T im e of irrad ia tion : 200 h.
C ontainer: A lum inium  cans.
A ctivation : 1 Ci.

C hem ica l trea tm en t

A fter irradiation  the target is  introduced in a distillation  flask  with a 
refluxing condenser. 100 m l of HC1 0. 1 N is then added and is refluxed for 
one hour. After cooling 150 m l of trichloroethylene is added and is refluxed 
fo r  one hour. The aqueous layer is  separated, heated fo r  15-20 min and 
then filtered . 2 m l H 202  30% are added and evaporated. The residue is 
treated with an isotonic solution of HNa2P04 . After measurement of activity 
the product is  sterilized .
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3. ASSAY AND QUALITY CONTROL

R adiochem ical purity is controlled by paper radiochromatography.
The total phosphorus is  determ ined by the sp ectrop h otom etrica l m ethod. 
A r s e n ic , the oth er m eta ls  and pH are con tro lled  in the usual way.

4. CH ARACTERISTICS OF THE FIN A L SOLUTION

P repared  norm ally  from  stock  and the packaging is in pen icillin  type 
bottle.

R E F E R E N C E

[1 ] POCZYNAJLO, H. , CAMPBELL, A. , Kernenergie 431 (May, 1959).

JUNTA DE ENERGIA NUCLEAR, MADRID, SPAIN

1. GENERAL

The production process  is based on the irradiation of elementary sulphur. 
Phosphorus is separated from  the target by distillation of the sulphur. Phos
phorus is  extracted from  the residue with dilute hydrochloric acid.

2. EXPERIMENTAL PROCEDURE

Irradiation

Target m ateria l: 120 g of sulphur which has been purified as fo llow s. B oil 
fo r  three hours with 1% MgO; separate the liquid phase 

by decantation and boil for  100 h adding 2% MgO every 25 h; 
d istil the sulphur in a slow stream of nitrogen [1]. Analysis 
o f the target m aterial shows the following im purities:
Al 0. 04 -  0. 004 ppm, As < 0 . 12 ppm, B < 0. 08 ppm,
Ca 0 .4 - 0 .0 2  ppm, Cd < 0. 01 ppm, Fe 0.15 -  0. 02 ppm, 
Cr < 0. 01 ppm, La < 0. 06 ppm, Mg 0. 14 -  0. 01 ppm,

Mn <0. 01 ppm, Ni <0. 04 ppm, Sn <0. 04 ppm, Te<0.4ppm , 
Pb.< 0. 04 ppm, K 0. 02 ppm, Na 0. 09 ppm.

Container: Aluminium leak-tight container, 24X26 mm diam.
Flux: 1. 9X 1012 n/cm2 s (JEN-1).
Irradiation tim e: 4 weeks, equivalentto 138 h of continuous operation at 1 MW. 

Approximate yield is 200 mCi.
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Chemical treatment

Separation method

Sulphur is distilled from  the irradiated target under a stream of nitrogen 
[2] . The diagram  of the equipment used is  shown in F ig. 1. The p rocess  
com p rises  the follow ing steps;

NEGATIVE PRESSURE u

F IG .l. Phosphorus-32 production process

Cut the irrad ia tion  container tra n sversa lly , then the sulphur, gently 
heated to melting point, is transferred to a glass flask with a ground conical 
neck (No. 2).

P lace the flask in the furnace (No. 3) which is equipped with an automatically 
con tro lled  heating system  keeping the internal tem perature at 4 8 0 ± 1 0 °C .

Seal the furnace with the g lass plug, and introduce the nitrogen. The 
furnace is  heated until the sulphur is  com pletely  distilled  into the re ce iv er  
(No. 4). The distilled  sulphur is re -u sed .

R em ove the flask  (No. 2) from  the furnace and p lace on the heater. A 
reflux condenser (No. 6) is fitted into the ground neck of the flask, and 18 ml 
of 0. 1 N HCl is added. B oil fo r  30 min.

Rem ove the solution from  the flask  with a pipette and add 3 m l of a 
solution, containing 200 g Na2H P 0 4. 12HsO, 14 g NaCl and 24 g NaOH per 
litre. This brings the product to pH 7 and makes it isotonic [3]. If the solu
tion is turbid, filtration is necessary.
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Apparatus

Production is carried  out in an enclosure 1. 90 m high, with side walls 
of 1. 80 and 0. 80 m (F igs. 2 and 3), kept at a negative pressure of 20 mmw. c. 
It com p rises  a steel fram e with 5 -m m -th ick  p lexig lass panels as external 
b io log ica l shielding. B esides the equipment p ieces  already described , the 
apparatus con sists of:

A set-up (No. 1) to prevent nitrogen overpressure and to dry the gas be
fore  entering the furnace.

A set of traps (No. 5) to prevent sulphur powder or vapour from  entering 
in the negative pressure line (No. 14).

A distiller (No. 7) to concentrate the product or to carry out the destruc
tion of organic matter, if necessary (never used so far).

Flasks to receive liquid wastes (Nos. 11, 12).
A ncillary  elem ents, such as funnels fo r  the addition of reagents (Nos. 

E - l ,  E -2 , E -3 ), vacuum balls to transfer the product (Nos. M -l , M -2, M -3), 
manual pumps fo r  sampling (Nos. J - l ,  J -2 , J -3 , J -4), etc.

3. ASSAY AND QUALITY CONTROL

Determination of chem ical purity is made with a Hilger quartz spectro
graph (L ittrow  type, high d isp ers ion ) and a JACO "V a risou rce "g en era tor  
[4 ] . The follow ing elem ents are determ ined: Al, As, B, Ca, Cd, Cr, Fe, 
La, Mg, Mn, Ni, Pb, Si, Sn and Te at concentrations of le ss  than 10 /ug/ml 
and with a sensitiv ity  of the ord er  of 0. 1 /ug/m l. The rad io isotop ic purity 
is  determ ined by gamma spectrom etry , using a scintillation  detector with 
a 3 X 3 -in . crysta l and an RCL 256 channel analyser 15J . B ecause beta 
em ission  is involved, beta -absorption  and h a lf-life  m easurem ent are also 
carried  out. These determinations show that the 32p content is >99. 5%. The 
determ ination of ch em ica l fo rm  is  ca rr ie d  out by e le c trop h ores is  and 
chrom atography in conjunction with autoradiography, to loca lize  the d istri
bution of radioactivity on the strips of paper. Lederer electrophoresis tech
nique as modified by Durrum with paper suspended in the middle is employed 
16,7],

E lectrop h oresis  is  p erform ed  w ith .l N HC1 at 10 mA fo r  18 h. P o ly 
phosphate im purities and 35S can be determ ined in amounts of le ss  than 1% 
using autoradiography exposure tim es of the order of 48 h.

Routine assay is  m ade by com p a rison  with a standard in a w ell-typ e  
ionization cham ber (G eneral R adiologica l L td ., UK, m odel N E 014-01) and 
a m ic ro -m ic ro a m m e te r  (AVO L td ., UK, m odel 1388B). R easonably a c
curate 32P determ inations can be ca rr ied  out by the m easurem ent of beta 
p articles  (fo r  low activ ities) or brem sstrahlung. O ccasionally  absolute 
measurem ents are carried  out by means of the solid angle technique (defined 
by diaphragmed Geiger detector). An e rror  of 5-10% in the activity measure
ments is allowed; in special cases, the e rror  can be less than 5% [8] .
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4. CHARACTERISTICS OF THE FINAL SOLUTION

32p -  p h o s p h o r i c  a c id  s o lu t io n , c a r r i e r - f r e e ,  n o n - in je c t a b le

P hosphoric acid solution in 0. 1 N HC1, s terile , m eeting the follow ing 
specifications:
C hem ical purity:

R adioactive purity: 
R adiochem ica l purity: 
R adioactive concentration :

Im purities in 32P preparations are (typical 
analysis) Oug/ml):
A l < 0 . 2 - 0 . 7 ,  As < 1, B < 0 . 1 - 0 .  7, Ca 1 -  5, 
Cd < 0. 1 -  0. 7, C r < 0. 3 -  1. 6, F e < 0 . 1 - 5 ,
La < 0 .3 ,  M g < 0 .1 - 3 ,  Mn < 0. 1 -  3, N i< 0 . 3, 
Pb < 0. 3, Si < 0. 3, Sn < 0.3 -  0. 5, T e < 0 .3 .  
32P content > 99.5%.
Orthophosphoric acid  content > 99%.
Maximum 30 m C i/m i.

Sodium ph osph ate -32P solution, in jectable

Neutral (pH 6-7 ), isotonic, sterile  and pyrogen -free solution of sodium 
phosphate meeting the follow ing specifications:
Chem ical purity: 
Radioactive purity: 
R adiochem ical purity: 
Radioactive concentration: 
S terility:

Analysis of pyrogens:

Isotonicity:

See above.
32P content > 99. 5%.
Orthophosphate content > 99%.
1-20 m C i/m l.
Sterilization  is  ca rr ied  out in an autoclave at 
120° C fo r  about 1 h.

The analysis is ca rried  out occasionally  by the 
General Pharm aceutical Inspectorate, Depart
ment of P ublic Health, M in istry  of In terior. 

Adjusted by means of conductim etric m easure
ments.

PATENT

Spanish-patent N o.251. 242: Cellini, R .F ., de la Cruz, F ., Dominguez, G ., 
Su&rez, C . , Technique fo r  the separation  and preparation  o f rad ioactive  
phosphorus ( 32P) by m eans of d istilla tion  of irrad ia ted  sulphur.
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THE RADIOCHEMICAL CENTRE, 
AMERSHAM, BUCKS., UNITED KINGDOM

1. GENERAL

Phosphorus-32  is  produced by the fast neutron irrad iation  of sulphur, 
32S(n, p )32P.

The radio-phosphorus is  separated from  the bulk of the sulphur target 
by high tem perature distillation where it is left as a residue in the distillation 
flask . The 32P is  obtained in solution by refluxing the residue with dilute 
h yd roch loric  acid.

2. EXPERIM EN TAL PROCEDURE (F ig. 1)

FIG. 1. Plant for the production o f  3ZP.

Irradiation

T arget m ateria l: 90 g sulphur, red istilled  three tim es.
Irradiation  container: Annular aluminium can into which m olten sulphur

is  poured. Sealing is accom plish ed  by argon arc 
welding.
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Irradiation conditions: Flux ~  1. 5X10!4 n /cm ^s for  24 d. A cluster of
cans is inserted into the heavy water moderator which 
flow s around and up the annular cavity and prevents 
nuclear overheating.

Chem ical treatm ent

The irradiated sulphur is melted out of the can and allowed to run direct
ly into the distillation  apparatus. The tem perature of the still is raised to 
550°C and the sulphur is distilled  over in an atm osphere of nitrogen. The 
active residue is then extracted by refluxing with dilute hydroch loric  acid. 
The so lu tion is fin a lly filtered th rou gh a very  fine sintered glass frit. C arrier 
orthophosphate is added to prevent ir re v e rs ib le  adsorption  of 32P onto the 
w alls of its container (10 atom s 3iP atom 32P).

3. ASSAY AND QUALITY CONTROL

The target m aterial is redistilled  until no non-volatile residue remains 
in it. The product is  analysed fo r  chem ical im purities, As, Pb, Al and S04; 
and fo r  rad ioch em ica l im purities (> 99% of the 32P is in the form  of ortho
phosphate). The total d issolved  solids are a lso  determ ined.

B ritish  Patent No. 765,489.

OAK RIDGE NATIONAL LABORATORY, 
TE N N ., UNITED STATES OF AMERICA

1. GENERAL

Purified  sulphur is  irradiated to produce 32P by the (n, p) reaction, 
32S(n, p )32P. Sulphur is  d istilled  away, the rem aining solid  is  d issolved  in 
acid, and leach and rinse solutions heated. As final steps, the product ortho- 
phosphoric acid is filtered and samples are analysed.

2. EXPERIMENTAL PROCEDURE 

Irradiation

Target: 35 g sulphur.
Neutron flux: 2 X 10 14 n /cm 2s (thermal) and ~1X 1013 n /cm 2 s (fast).
Irradiation tim e: 8 weeks.
R eactor yield : 30 Ci.
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Chemical treatment

Preparing target

Sulphur purification  is  a d ifficu lt and tedious p rocedu re ; how ever, the 
purity of the final 32P is dependent upon the preparation of very pure sulphur. 
Repeated distillation from  platinum equipment rem oves traces of magnesium 
and other im purities.

About 35 g of purified  sulphur is  m elted into an aluminium irradiation  
capsule, which is closed  by welding. The aluminium capsule is treated with 
hot concentrated n itric acid to clean it and to reduce the possib ility  of 
sulphur co rro s io n  during irradiation .

Apparatus

Sulphur distillation equipment (F ig. 1) and melting furnaces (Fig. 2) are 
used in p rocessin g  the irradiated target. P rocess in g  facility  and shielding 
required: manipulator ce ll, 6 in. lead equivalent (F ig. 3).

FIG. 1. Sulphur distillation equipment FIG .2 . Sulphur m elting furnace, front removed

P rocess in g

Y ield: > 95%.
The aluminium capsule is opened with a tubing cutter; then the capsule 

is  positioned between two resistance heaters over a quartz cup. The sulphur 
is allowed to m elt and flow  out of the irradiation  capsule into the cup. The 
quartz cup is transferred  into the distillation unit, and sulphur distilled from  
the cup at atem perature of 450 to 475° C fo r  2-3 h. The distillation equipment 
is  allowed to coo l and the quartz cup tran sferred  to a beaker. About 80 ml
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F IG .3. Unit for the production o f 32P

of ~  1 M HC1 is  added to the cup to d issolve 32P2 C>5 , and the cup is leached 
fo r  8 to  16 h at 80 to 90 °C. Leach solution is  poured into a beaker and the 
cup rinsed with 20 to 30 m l of H2O. Leach and rinse solutions are heated 
fo r  4 h at 90°C. Orthophosphoric acid is form ed. The solution is filtered  
through a fine sin tered-glass funnel and adjusted to 100 to 125 ml of 1 MHC1.

3. ASSAY AND QUALITY CONTROL

A sample is analysed for m olarity of HC1, heavy metals, 32p concentra
tion, total solids, and radiochem ical purity according to ORNL Master Ana
lytica l Manual (TID-7015), procedure No. 9 0733601.

P recis ion  and accuracy of the 32p assay are:
Calibration by 4n £ -7  coincidence counter.
Routine assay by windowless 2n proportional counter.
Estim ated lim it of e r r o r  in disintegration -rate concentration of routine 
shipment, 3%.
P rec is ion , 2%.
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4. CHARACTERISTICS OF THE FINAL SOLUTION

P ro ce sse d , c a r r ie r - fr e e  32P is  delivered  in the fo rm  of H3P O 4 as a 
stock  item . Other sp ecifica tion s  of in terest are:
A cidity:
Concentration:
T ota l so lid s: 
P recip ita te  at pH 7 -9 : 
R adioch em ica l purity:

1 N ±50%
> 5 m C i/m l 
< 1 m g /m C i 
N egligible
> 99% (exclusive  of 33P)

BORIS KIDRI<S INSTITUTE OF NUCLEAR SCIENCES, 
VIN^A, YUGOSLAVIA

1. GENERAL

Irradiation of sulphur in the form  of a magnesium sulphate target gives 
r ise  to 3ZP by the (n, p) reaction.

The method of production is based on the separation of phosphorus-32 
from  irradiated MgS04 by adsorption on MgO. It has advantages over som e, 
other methods because it requ ires few er chem ical operations and does not 
em ploy high tem peratures [ 1 , 2] .

2. EXPERIM ENTAL PROCEDURE 

Irradiation

Target: Dehydrated M gS04 (90 g) prepared by heating reagent
grade MgS0 4 - 7H2O at 400°C fo r  6 h; 15 g portions 
are irradiated.

Fast flux: About 1012 n /cm ^s in the RA reactor at Vinfia.
Irradiation tim e: 20-40 d.
Irradiation containers: C ylindrical, aluminium cans with screw ed cov ers , 

internal length -  70 mm; internal diameter -  25mm. 
After irradiation the target is  left to coo l fo r  four days to allow for the 

decay of 24Na produced by the 24Mg(n, p )24Na reaction.

Chem ical treatm ent

Separation method

Irradiated MgS04 is dissolved in water at a concentration of about 0. 5 M. 
To this solution 50 mg of powdered magnesia (100-200 mesh) are added. The 
m ixture is  maintained at 6 0 °C and m ixed by bubbling a ir  through it. The 
oxide powder, together with the adsorbed 32P, is separated from  the solution 
by filtration  and washed with 25 m l of water to rem ove the SO4'  anions. It
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is  then d isso lved  in 10 m l 0 .3  N HC1 and the solution is  passed  through a 
cation-exchange colum n (1 g D ow ex-50 X 8, H+ fo rm , 100-200 m esh; flow  
rate 1. 9 m l /c m 2 min) to rem ove quantitatively the MG2+ ions. The column 
is washed with two 15 ml portions of 0. 3 N HC1. The effluent is usually co l
lected  in three fractions (10, 15, 15 m l), the firs t  containing about 30%, the 
second 60% and the third 10% of the 32P present. The yield of 32P is 85 -  
90%. Up to 10% is adsorbed by the glassw are.

Apparatus

The apparatus (Fig. 1) is made of Pyrex glass and placed in a box (Fig. 2) 
of 10-mm-thick P lexiglass shielded by 20-m m -thick lead plates.

Vessel for dissolution 
Auxiliary vessel for solution transport 
Ion-exchange colum n 
Vessel for transporting liquids from C to F 
Auxiliary vessel for addition o f  chem icals 
Bottle for waste storage

FIG. 1.

I*p and Io Vessels with soda-lim e and active charcoal 
JT and Js Mercury manometers 
Kt  and Ks  Vacuum distributors 
H Vacuum pump 
G Rinser
L Mercury manostat 

Apparatus

3. ASSAY AND QUALITY CONTROL 
Radioactive measurement of the solution. 
Radioactive control.
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FIG.2. G love box for 32P production 

pH control of the solution.
R adiochem ica l purity con trol. A scending paper chrom atography used L3J. 
S terility  con tro l [4 ].
Determ ination o f the tota l content of so lid  substance in the solution.

Routine control o f each charge includes the first and the third m easure
m ents. The other analyses are exceptional, depending on the use of 32P.

4. CHARACTERISTICS OF THE FINAL SOLUTION 
R e feren ce : Y V P  32 /IX , H332P 0 4 in dilute HCl
R adioactive concentration  m easu red  to within 10%: 0 .5 -5  m C i/m l. 
R adioactive purity : 32p content m ore  than 99%.
R adioch em ica l purity : Orthophosphate content m ore  than 99%.
T ota l content o f so lid  substance in the solution  le s s  than 0. 5 m g /m l.

R eference: YVP 32/2X , Sodium phosphate in 0. 9% NaCl solution (isotonic)

R adioactive con cen tration  m easu red  to within 10%: 0. 5 -5  m C i/m l. 
R adioactive purity : 32P content m ore  than 99%.
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R a dioch em ica l purity : O rthophosphate content m ore  than 99%.
T ota l content o f so lid  substance in the solution  le s s  than 10 m g /m l.
S terile .
pH 6 -8 .
Isoton ic.

R eference: YVP 32/3X , Potassium  phosphate in 1. 2% KC1 solution (isotonic)

Radioactive concentration m easured to within 10%: 0. 5-5 m C i/m l. 
Radioactive purity: 32P content m ore than 99%.
R adiochem ical purity: Orthophosphate content m ore than 99%.
Total content of solid  substance in the solution less  than 10 m g/m l.
Sterile. 
pH 6-8.
Isotonic.
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POTASSIUM-42

NUCLEAR DATA

1. NUCLEAR PROPERTIES

1.1 . H a lf-life  

12. 5 h

1 .2 . Type o f  decay, and en ergy  (M eV)

beta (0~) 1.985 (18%) gamma 0.32 (0.2%) 
3.545 (82%) 1.52.(18%)

1 .3 . Decay sch em e
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2. NUCLEAR REACTIONS AND PRODUCTION

Reaction

Isotopic 
abundance o f  

the nuclide
( ° lo )  .

Cross-
section
(barn)

1 h

A ctivity o f  elem ent 
at 1012 n /cm 2 s 

(m C i/g )

24 h satura

Secondary reactions 
and h a lf-life  o f  

radionuclide formed

4 1 . , , .42 ,,i9K(n,y)igK

42,-. , ,42. .20C a (n ,p )i9K 0. 64

1. 3 (th)

unknown (f)

2 27 36

« S c ( n ,a ) « K 100 : 0. 005 (f) < 0. 1 < 1. 3 <1. f

S K (n ,a )? '7Cl

(T = 37. 3 min)

S c a (n ,p ) « K

(T = 22 h) 
o  unknown

2oCa(n,y)!jjCa

(T = 165 d)
isot. abund.: 2.06%
o  = 0. 72 barn

2oCa(n,p)f^K

(T = 22 min)

loC a(n,y)|Q C a

(T = 4. 7 d)
isot. abund.: 0.033%
a = 0. 25 barn

f0 C a(n ,r )« C a

(T = 8. 8 min) 
isot. abund.: 0.185% 
a -  1 .1  barn

21 S c (n ,y )«S c

(T  = 85 d) 
o  -  22. 3 barn

g S c (n .p )« C a

(T  = 165 d) 
a unknown

(th): thermal neutrons.
(f)i fast neutrons.
For nuclear data see Refs. [ 1 ,2 ] .

The nuclear reaction norm ally used for  the production of 42K is the (n,y) 
on i l K.

The target is potassium carbonate (K2C 0 3) or potassium chloride (KC1). 
In the second case , 36Cl, 38C1, 35S and 32P occu r also from  the irradiation 
o f ch lorine.

35JfC l(n ,p )^S (87. 1 d)
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^ C l(n ,Y )“ c i  (2. 5 X 105 yr)

17Cl(n,a)®^P (14.45 d)

^ C l(n ,7 )3 8 ci (37. 8 min)

3. APPLICATIONS
3.1.  Industrial

P otassium -42  has hardly any applications, but it has been used in the 
g lass and cem ent industries [3] .

3. 2. M edical and biologica l

It is  used in the activation analysis of b io log ica l sam ples.

3 .2 .1 .  D iagnostic
It is  used in studying potassium  exchanges [4, 5] such as: perm eability 

o f the cellu lar m em brane and perm eability of the ch loroid  plexus and spinal 
fluid. The activity used is of the order of 100 /uCi.

3 .2 .2 . Therapeutic
It is  used in the treatm ent o f malignant tum ours [6-9] , the dose being 

of the order of 500 MCi [5] . The m edical uses of 42K are also mentioned in 
other works [10] .

4. RADIOLOGICAL PROTECTION
4.1.  E xternal exposu re

4. 1 . 1 . Irradiation doses
The dose delivered by 1 Ci of 42k  at a distance of 50 cm  is  0. 52 rem /h  

[ 11].

4 .1 .2 . Safety m easures

The tenth -th ickness1 fo r  lead and ord inary con crete  gives som e idea 
o f the amount o f protection  needed in handling 42K, nam ely,

Tenth-thickness
(cm )

Ordinary
Pb concrete 

d = 2 .3

For a y  o f  1. 52 MeV 4 22 Ref. [ 11]

1 The tenth-thickness is the thickness o f  shielding required to reduce the intensity o f  a y  -radiation o f 
given energy by a factor o f  ten.
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In practice the following lead thicknesses are needed to reduce the dose 
to 1 m R /h  at 50 cm : 3. 5 cm  to handle 10 m Ci o f 42K; 7. 5 cm  to handle 
100 m Ci o f 42K; and 12 cm  to handle 1 C i of 42K.

4 . 2 .  Internal irradiation

Potassium -42 is  c lass ified  as a m oderately toxic, class 3 isotope [12] . 
Its e ffe ctive  h a lf- life , allow ing fo r  both rad ioactive  decay and ex cre to ry  
p r o c e s s e s , is  0.52 d [13] .

F or  internal irradiation  (ingestion o r  inhalation) the maximum perm is
sible concentrations in air and water, respectively, for a 40-h exposure, are: 

2X 10"6 /uCi/cm 3 and 9X  10"3 /uCi/cm3 (soluble form ) ,
10"7 /uCi/cirfand 6 X 10' 4 /uC i/cm 3 (insoluble form )

4. 3. Decontamination

Except in one or two particular cases, there is no special decontamina
tion method fo r  any given radioisotope. Some general texts on this subject 
[ 15-19] report that the follow ing m easures are adequate.

4 .3 . 1. Skin

Rapid and repeated washing with good -quality  soap, w arm  w ater and 
a so ft  brush . If this is  not su ffic ien t, use can be m ade o f detergents o r  
5-10% solutions of com plexing agents of the EDTA (ethylenediamine tetra- 
acetic acid) type. It is also possib le to apply saturated permanganate solu
tions follow ed by rinsing with a 5% bisulphite solution to neutralize and 
rem ove stain. A brasive powders should not be used and the addition of en
training agents has proved disappointing.

If any wounds are contaminated they must be treated rapidly by allowing 
them to bleed, washing with water, follow ed by decontamination, as fo r  the 
skin, and som etim es by additional surgica l cleaning.

4 .3 .2 . • Hair

If the hair is  contaminated it is important not to take a shower but m ere
ly to wash the head. A norm al, good-quality shampoo is  usually sufficient. 
If contamination is  persistent the follow ing solutions can be used: 

paraisop rop y lorth ocreso l, 
lavandin o il,
A C-com pounded terp en e-free  lem on, 
g lycerine diacetin, o r  
benzoic acid.
Contamination is much easier to rem ove if  the hair is  not greasy.

4 .3 .3 . Laboratory equipment

G lassw are is  usually cleaned by steeping, and this is  m ainly a radio
ch em ica l prob lem . The use o f a sp e c ific  entraining agent o r  solutions o f

342



com plexing agents gives good results, as do solutions of chrom ic acid, con
centrated n itric acid, ammonium citrate , pentasodium triphosphate o r  am
monium bifluoride.

5. SUMMARY OF PRODUCTION METHODS

P otassiu m -42  is  gen era lly  prepared  by irrad ia tin g  a potassium  sa lt 
(K C 1 , o r  m ore  usually K 2 C O 3 ) with therm al neutrons, follow ed by solution 
in h yd roch loric  acid  [20-22] . This p ro ce ss  g ives 42K with a low  sp ec ific  
activity .

It can also be prepared c a r r ie r - fr e e  by using the (n, p) reaction o n 42Ca 
[2 3 ,2 4 ].

In this case  the target is  calcium  carbonate. Irradiated C aC03 is  sus
pended in boiling w ater containing traces o f KC1. A fter filtration, the 42K 
is  present in the w ater as KOH or  K2C O 3.
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PROCEDURES

CENTRE D'ETUDES NUCLEAIRES DE SACLAY, FRANCE

1. GENERAL

The method con sists  o f the irrad iation  o f potassium  carbonate, 
41K(n,Y)42K,and sim ple dissolution of the irradiated target in order to obtain 
an isotonic final solution (12 mg K C l/m l).
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2. EXPERIMENTAL PROCEDURE

Irradiation

Potassium  carbonate (Johnson Matthey). 
500 mg of potassium  carbonate irradiated 
fo r  3 d at a flux of 1.9 X 1013 n /cm 2 s; 
y ield  of about 120 mCi with a sp ecific  ac
tivity of 0.3 m C i/m g  potassium  chloride. 
Two capsules each containing 2 inner cap
sules of 500 mg are generally irradiated. 
100 to 400 m Ci can thus be obtained.

Chem ical treatm ent

500 m g irrad iated  potassium  carbonate is  d isso lv ed  in  44 m l o f N /  7 
h y d roch lor ic  acid .

If no lo ss  has occu rred , this quantity should exactly neutralize the po
tassium  carbonate. A solution of pH 7 containing 12 mg of potassium ch lor
ide is  thus obtained.

If lo ss  has occu rred , the pH is  adjusted with soda or 0.1 N hydrochloric 
acid.

No specia l equipment is  needed fo r  this treatment; all that is necessary 
are beakers, pipettes and a pH m eter.

3. ASSAY AND QUALITY CONTROL

The activity of two 1-m l samples is measured with an ionization chamber 
and an analysis fo r  radiochem ical purity is carried  out (presence of 1.51 MeV
7 line).

B iolog ica l tests are applied to check the sterility and absence of toxicity 
o f the product.

4. CHARACTERISTICS OF THE FINAL SOLUTION

R eference: 42K S -1  - injectable

A neutral, iso ton ic , s te r ile  and p y rogen -free  solution of potassium  
ch loride , m eeting the follow ing specifications:
R adioactive concentration, m easured to within 5%: 0 .5 -5  m C i/m l. 
R adioactive purity: 42K content > 99.9% (gamma spectrum  ch aracteristic

o f 42K).
Specific activity: 40-400 m C i/g  o f KC1.
KC1 content: 12 m g /m l.

Target:
Irradiation  conditions and yield :
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CENTRAL INSTITUTE FOR PHYSICS, BUDAPEST, HUNGARY

1. GENERAL

The production  o f 42K is  based on the n uclear rea ction  41K (n ,7 ) 42K. 
P rocessing consists of dissolving the irradiated target in the correspond

ing dilute acid and adding inactive salt when preparing isotonic solution. When 
specially requested the product is sterilized.

2. EXPERIMENTAL PROCEDURE 

Irradiation

Target: Potassium  carbonate, M erck analytical grade; amount variable,
depending on order.

Flux: 1013 n /cm 2 s.
Tim e: 25 h.
Container: Quartz ampoule with ground stopper.

Chem ical treatm ent

No sp ecia l separation  o r  purification  is  ca rr ie d  out. D ifferent com 
pounds are produced by dissolving the irradiated target in the corresponding 
dilute acid.

3. ASSAY AND QUALITY CONTROL

The purity of the inactive target is previously checked by spectrom etric 
methods.

Radiochem ical purity is controlled with a multichannel pulse height ana
ly ser  fo r  each charge.

The pH is  determ ined in the usual way by m easuring aliquot sam ples.
P harm aceutica l con tro l regard ing  s te r ility  is  ca rr ie d  out only in the 

ca se  o f products fo r  m ed ica l u se.

4 . CHARACTERISTICS OF THE FINAL SOLUTION

R adioactive purity: 
S p ecific  activity : 
C hem ica l form :

> 99%.
50 m C i/ g.
P otassiu m  carbonate, white tablets.
P otassiu m  ch lo r id e , iso ton ic  s te r ilize d  solution .
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MINISTRY OF DEFENCE, ATOMIC ENERGY COMMISSION, 
SOREQ RESEARCH ESTABLISHMENT, YAVNE, ISRAEL

PRODUCTION OF 42K  AS KC1 ISOTONIC SOLUTION

1. GENERAL

The irradiation  of K 2CO3 produces 42K by the (n, y )  reaction . The i r 
radiated sam ple is  d issolved  in the required amount of 0.5 N hydrochloric 
acid to obtain an isotonic solution of pH = 7.

2. EXPERIMENTAL PROCEDURE 

Irradiation

Target: Potassium carbonate (AR). Target amount
(mg) is 10.6  X the required solution 
volume (ml).

Irradiation in the
Isra e l R esearch  R eactor 1 (IR R -1): T herm al neutron flux o f 1013 n /c m 2 s

("ra b b it") o r  3 X 1013 n /c m 2 s (pool). 
Irradiation  tim e is  calcu lated  from  the s im ple form ula t = 5 A /F

w here t = requ ired  irrad iation  tim e, (min)
A = required sp ec ific  activity o f the solution (calculated to irrad ia 

tion 's  end tim e) (MCi/ml)
F = flux, expressed  in units o f 1012 n /cm 2 s .

This form ula holds fo r  short irradiations. F or  pool irradiation, the target 
is  sealed  into a s ilica  am poule, which is  in turn put into an aluminium i r 
radiation container.

F or  "rabbit" irradiation , the sam ple is sealed into a polyethylene vial.

Chem ical treatm ent

T ransfer irradiated sam ple into ce ll.
Wash s ilica  ampoule with acetone.
B reak am poule. T ran sfer contents to beaker containing required amount 
o f 0.15 N HCl.
A fter potassium  carbonate is  d issolved , check pH (it should be 7).
F ilter  through grade "F "  sin tered g lass plate.
Take an aliquot; ca librate  activity.
D eliver requ ired amounts into penicillin  bottles. C lose  bottles.
S terilize  to 120°C fo r  one hour.
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3. ASSAY AND QUALITY CONTROL

Radioactive purity is  ascertained by 7 - ray spectrography. 
Note: P y rog en -free  d istilled  water is  used throughout.

JAPAN ATOMIC ENERGY RESEARCH INSTITUTE, 
TOKAI, IBARAKI, JAPAN

1. GENERAL

The production process is based on the irradiation of a potassium carbo
nate target, and dissolution in dilute hydrochloric acid. The process is simi
lar to that fo r  the production of 24Na.

2. EXPERIMENTAL PROCEDURE 

Irradiation

Target: 20 g K 2C 0 3 (JISGR1) for JRR- 1.
8 g fo r  JR R-2.

Container: Sealed in a polyethylene sheet, then placed in a polyethy
lene capsule (JRR-1).
P laced in a polyethylene bottle, then in a capsule (JRR-2). 

Flux: ~ 3 X  1011 n /cm 2 s (JRR-1).
~ 2 X  1013 n /cm 2 s (JRR-2 pneumatic tube).

Irradiation time: 10 h (5 h x  2 d) for JRR-1.
20 min fo r  JRR-2.

Chem ical treatm ent

The apparatus2 used fo r  the production of 4ZK is the same as that for the 
production of 24Na.

P lace  the target in the d issolv ing v e sse l (b), fix  the cap, then add the 
fo llow ing reagent from  the reagent feed  pipe (c ) with m agnetic stirrin g : 

8 .8  m l ~  1 .6  N H C l/g  K2C 0 3 (irradiation  with JR R -1 );
6 m l ~ 2 . 4 N  H C l/g  K 2C 0 3 (irradiation  with JR R -2 ).

Exhaust gases and bubblings are trapped in the trap (d).
Adjust the pH o f the d issolved  solution to 7 -8 .5 . Then m ove the d is 

solving v esse l (b) to the place where the rem ote control burette (f) is oper
ated. The product solution  is  distributed in the sam ple bottles p laced on 
the rotary  table (g).

1 Japan Industrial Standard Grade Reagent.

2 See Fig. 1 o f  the section on 24Na provided by the Japan A tom ic Energy Research Institute, Japan.
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The inner rubber cap and outer aluminium cap are fixed on the sam ple 
bottle with the capping m achine (f).

3. ASSAY AND QUALITY CONTROL 

The sam e as fo r  24Na.

4. CHARACTERISTICS OF THE FINAL SOLUTION

C h em ica l fo rm : KC1 in  neutral so lu tion  (pH 7 .0 -8 .5 )
R a d ioch em ica l purity: >98% .
S p ecific  activ ity : ~  1 .3  m C i/g  K (product o f J R R -1 );

6 . 0 m C i/g  K (product o f J R R -2 ).
C oncentration : ~ 0 .0 8  m C i/m l (product o f J R R -1 );

0 .5  m C i/m l (product o f J R R -2 ).

IN STITU TT FO R  A TO M EN ERG I, K JE L L E R , NORW AY

1. GEN ERAL

Potassium -42 is produced by irradiating potassium carbonate in a ther
m al neutron flux, 41K(n,-y)42K. A fter irrad iation  the potassium  carbonate 
is  con verted  to p otassium  ch lo r id e  by rea ction  with h y d ro ch lo r ic  a cid .

2. E X PE R IM E N TA L PRO CEDU RE 

Irrad ia tion  

T a rget:

T im e  o f irra d ia tion :
Container:

Flux:
Side reactions:

C hem ical trea tm en t

The irradiated potassium  carbonate is  d issolved  in dilute hydrochloric 
acid. A fter com pletion o f the reaction the solution is evaporated to dryness 
and the ch loride is d issolved in water.

3 g K 2C 0 3, M erck , p. a . , dehydrated.

2 -3  d.
Aluminium can, with sealed  polyethylene inner con 
tainer.
About 1.5 X 1012 n /c m 2 s .
None.
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3. ASSAY AND QUALITY CONTROL

Radioactivity, relative ionization cham ber m easurem ents.
Isotopic purity control, 0 - absorption analysis, 7 -spectrography. 
pH.
Chem ical purity control, em ission  spectrography.
T oxicity  and pyrogen control, test on animals.

A ll products are subject to individual inspection and approval by phar
m aceutical personnel.

4. CHARACTERISTICS OF THE FINAL SOLUTION

KS - potassium  chloride in neutral solution, sterilized .
Radioactive concentration: 2 m C i/m l.
Isotopic purity: G reater than 99. 9%.
S pecific activity: About 30 m C i/g  K.
pH: 6 -7 .
Chem ical purity: M etals, spectrographically  determined, less

than 10 |Ug/ml.
KC1 content: 11.5%.

KSI - potassium  ch loride in neutral isotonic solution, sterilized . 
Radioactive concentration: 0 .2  m C i/m l.
KC1 content: 1.15%.
Other specifications as fo r  KS.

INSTITUTE OF NUCLEAR RESEARCH, 
SWIERK NEAR OTWOCK, POLAND

1. GENERAL [1-5]

Potassium -42  is  obtained from  K2C 0 9 irradiated  in the rea ctor . The 
product is  used m ostly  in the fo rm  o f ch lor id e  which is  p repared  by d is 
solution o f K 2C 0 3 in HC1. The yield  of the p rocess  is  approxim ately 90%.

2. EXPERIM ENTAL PROCEDURE 

Irradiation

Target: 1 g of anhydrous K2CO3, analytical grade, powder in
sealed quartz tube wrapped in aluminium fo il.

Flux: 2 X 1013 n /c m 2 s .
T im e o f irradiation : 18 h.
Container: Aluminium capsule closed  by welding.
A ctivity obtained: 200 m C i/g .
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Chemical treatment

■ The capsule containing 1 g o f irradiated  target is  placed in a d ry -box  
fo r  opening. The aluminium capsule is rem oved. The quartz tube with the 
target m aterial is opened with a specia l cutter. The tube content is  trans
ferred  to a 150-m l beaker and 88 ml N/7 HC1 is added. The beaker is placed 
in a fume box and heated with a sp ec ia l dev ice  fo r  10 m in to rem ove COz . 
The acidity of the resulting isotonic solution which should be in the pH range 
7 - 8 . 5  is checked after cooling on a pH m eter. The solution is filtered 
through a sin tered -glass filter  and then dispensed into penicillin-type vials. 
C losed vials are sterilized  at 2.5 atm fo r  25 min. "F o r  injection" prepara
tions are obtained by the use of p yrogen -free  w ater and p yrogen -free  rea 
gents. P y ro g e n -fre e  w ater is  a lso  used fo r  rinsing the g lass equipment. 
A ll op era tion s  a re  c a r r ie d  out in a box  with 1 0 -cm -th ick  lead  sh ie ld s .

3. ASSAY AND Q U A LIT Y  CO N TRO L

The activity of the product is  m easured with an ionization cham ber against 
standard 42K. ’
The chem ical purity is  checked spectra lly .
The radiation purity is  determ ined by gamma spectrom etry.
The sterility  is  checked with the use of the culture media.
T est fo r  pyrogens is ca rried  out on rabbits.

4. CHARACTERISTICS OF THE FINAL SOLUTION 

Potassium  ch loride-42  fo r  in jections

Radioactive concentration: 0 .5 -5  m C i/m l. (Accuracy of activity determina
tions ±  5%.)

Radiation purity: 99.9%.
Specific activity: 20-40 m C i/g  K.
Dry residue: 12 m g/m l.
Sterile, pyrogen-free.
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THE RADIOCHEMICAL CENTRE, 
AMERSHAM, B U CK S., UNITED KINGDOM

1. GENERAL

Potassium -42 is prepared as a sterile  isotonic solution of its chloride. 
The nuclear reaction utilised is 41K (n,Y )42K. Irradiated potassium bicarbo
nate, in pellet fo rm , is  converted  to potassium  ch loride  by reaction  with 
h yd roch loric  acid.

2. EXPERIM EN TAL PROCEDURE 

Irradiation

T arget m ateria l: KHCO3, pe llet, B urroughs W ellcom e , analytical
reagent grade, low  B r  and Na content.

Irrad iation  conta iner: Doubly encapsulated in alum inium  screw  top con 
ta in ers .

Irrad iation  conditions: Flux 1.2 X 1012 n /c m 2 s fo r  4 days. 82B r and 24Na
im purities are kept to a minimum by carefu l s e le c 
tion o f target m ateria l.

C hem ical trea tm en t

The irradiated target m aterial is dissolved in water and titrated against 
hydrochloric acid using methyl orange indicator. Dissolved C 0 2 is removed 
and m ethyl orange destroyed  by boiling  with hydrogen perox ide . The pH 
is  then adjusted to 7 and checked by pH m eter and the total volum e of solu 
tion is corrected  for isotonicity. After dispensing each consignment is steri
lised  by autoclaving.

3. ASSAY AND QUALITY CONTROL

The target m aterial is subjected to activation analysis.
The product undergoes exam ination by y -sp e c tro m e try  fo r  24Na and 

82B r, and fo r  anionic im purities  by ion  exchange.

4. CHARACTERISTICS OF THE FINAL SOLUTION 

S p ecific  activ ity  (at
tim e o f d ispensing): ~  20 m C i 42K /g  K.
R adioactive concentration
(at tim e o f dispensing): ~  0. 1 m C i 42K /m l.
R adioisotop ic purity 24Na < 0.05%
(at tim e o f dispensing): 82B r < 0. 005%.
R adioch em ica l purity: 42KC1 100%.
Total so lid s : 11.5  m g K C l/m l (to give isoton ic solution)
pH: 6- 8.
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OAK RIDGE NATIONAL LABO RATO RY, 
TENN. , UNITED STATES OF AM ERICA

1. GENERAL

Potassium -42 is produced by the (n,Y) reaction in a K2C 0 3 target, 
41K(n,Y)42K, and is  prepared as KC1 in HCl solution.

2. EXPERIMENTAL PROCEDURE 

Irradiation

Target: 3 g K 2CO 3 .
Neutron flux: ~  1 .3X  IOI4 n /cm 2 s.
Irradiation tim e: 61 h.
R eactor yield: 700 m Ci.

Chem ical treatm ent 

Apparatus

A hot off-gas scrubber unit1 is used in processing. P rocessing facility 
and shielding required: manipulator ce ll 4-in  lead equivalent.

P rocessin g  

Y ield: > 95%.
The irrad ia ted  target is  d isso lved  in a m inim um  amount o f 12 M HCl 

added dropw ise. The volum e is  adjusted to 50 m l o f 1 M HCl.

3. ASSAY AND QU ALITY CONTROL

Samples are analysed fo r  m olarity  of HCl, total solids, 42K concentra
tion, and radio-chem ical purity according to ORNL Master Analytical Manual 
(TID-7015), procedure No. 9 0733641.

The precision  and accuracy of the 42K are:
Calibration by 4?r ^ -7  coincidence counter.
Routine assay  by ion ization  ch am ber and w e ll-typ e  scin tilla tion  counter. 
Estim ated lim it o f e r r o r  in d isintegration -rate  concentration o f routine 
shipment, 5%.
P rec is ion , 3%.

1 See Fig. 2 o f  the section on 82Br provided by ORNL, Tenn. , United States o f  America.
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4. CHARACTERISTICS OF THE FINAL SOLUTION

P ro ce sse d , high sp ec ific  activity 42K is delivered  as KC1 in HC1 solu 
tion as a stock  item . Other specifica tions o f in terest are:
A cidity: 1 N ±  50%.
Concentration: > 1 m C i/m l.
Specific activity: > 200 m C i/g  K.
R adiochem ical purity: >  99%.

BORIS KIDRlC INSTITUTE OF NUCLEAR SCIENCES, 
VINCA, YUGOSLAVIA

1. GENERAL

Potassium  carbonate is  used fo r  the production o f an isotonic solution 
o f 42KC1. The irradiated  carbonate is  d isso lved  in H 20 , the solution neu
tralized with HC1 and evaporated to dryness. The 42KC1 is finally dissolved 
in water to obtain an isotonic solution.

2. EXPERIMENTAL PROCEDURE 

Irradiation  

Target:
Irradiation containers

T herm al flux:
Irradiation  tim e:

Chem ical treatm ent

Separation method

A sam ple o f irrad ia ted  carbonate is  put into a v e s s e l  fo r  d issolu tion  
(A) and from  a v esse l fo r  adding chem icals (D) 10 ml o f twice distilled water 
is  added. A fte r  d isso lv in g  the target, 20.1 m l o f 0.4 N HC1 is  added and 
finally 10 m l o f w ater to rinse the HC1 rem aining in the tube. The neutral 
liquid obtained is  heated to rem ove C 0 2 and evaporated to dryn ess. This 
is  n e ce ssa ry  as, to obtain an iso ton ic  solu tion , the con cen tration  o f sa lt 
should be p re c ise ly  adjusted. A fter com plete -evaporation the heater is 
sw itched o ff and v e s s e l (A) is  allow ed to c o o l down. The ch loride  is  d is 
solved with the addition o f 49.5 g doubly d istilled  water. The sodium ch lor
ide  solu tion  is  perco la ted  through the G -5  s in tered  g lass  o f the filtra tion  
v esse l (B) and transferred  to burette (C) fo r  weighing. In this case vacuum

0.557 g M erck 's  reagent grade. K2C 0 3.
: C ylindrica l, with screw ed cov ers ; internal length: 

70 m m , internal d ia m .: 25 mm .
1. 5 X 1013 n /c m 2 s (RA R eactor at Virifia).
1-36 h.
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is  used . If double amounts a re  taken, 100 m l o f the solution  can b e  p r o 
duced with the sam e apparatus.

Apparatus

An apparatus of P yrex  glass is  used fo r  the production o f isotonic solu
tions of 24NaCl and 42KC1 (F ig .l).

A . Vessel for dissolution; D . Vessel for reagent addition ;
B. Vessel for filtration; I. Heater
C . Burette;

F IG .l. Apparatus for the production o f isotonic solutions o f  24NaCl and 42KC1

3. ASSAY AND QUALITY CONTROL

Radioactive m easurem ent of the solution.
Radioactive purity control. 
pH control.
S terility  con trol.
A pyrogenity con trol o f doubly d istilled  water used fo r  preparing a rad io
active solution.

4. CHARACTERISTICS OF THE FINAL SOLUTION

R eference: Y V K 42/1, sterile  isotonic potassium  chloride solution, pH 6-7

Radioactive concentration: m easured to within 10%; 0 .2 - 3  m C i/m l.
Radioactive purity: 42K content m ore than 99%.
Specific activity: 1 C i/g  K.
Isotonic solution: 1.2% KC1.
P y rog en -free .
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SODIUM-24

NU CLEAR DATA

1. N U CLEAR PRO PE R TIE S

1.1.  H a lf-li fe  

15 h

1. 2. T ype o f  d ecay , and e n erg y  ( MeV)

beta(j3") 1.391 (100%) gamma 1.368 (100%)
4 .1 7  (0.003% ) 2 .75  (100%)

1.3.  D eca y  sch em e

24
11 Na
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2. NUCLEAR REACTIONS AND PRODUCTION

Reaction

Isotopic 
abundance o f  

the nuclide
C °io)

Cross-
section
(barn)

A ctivity o f  elem ent
at 1012 n /c m 2s 

(m C i/g )

1 h 24 h sat.

Secondary 
reactions 

and h a lf-life  
o f  nuclide 

formed

nN a(n ,y)5 fN a 100 0. 525 (th) 16 260 380

“ M g(n ,p )ftN a 78. 7 0. 001 (f) 0 .025 0 .4 4  0.66 if

(T  = 9. 5 min) 
o - 2 7  mb

13 A l(n , o .) ffNa 100 0. 0006 (f) 0 .015 0 .27  0 .40 S A l(n .y )“ Al

(T  = 2 .3  min) 
o  = 210 mb

13 A l(n ,p )” Mg

(T  = 9 .5  min) 
o  = 2. 8 mb

(th): for thermal neutrons.
(f): for fast neutrons.
For nuclear data see Refs. [ 1 - 3 ] .  ,

The n uclear reaction  n orm ally  used fo r  the production  o f  24Na is  the 
(n .y ) reaction  on natural sodium .

The target is  sodium  carbonate (Na2COs) o r  sodium  ch lor id e  (N aCl). 
In the second ca se , 36C1, 38C1, 35S and 32p occu r  also from  the irradiation
o f the ch lorine.

Cl(n, p) jgS (87. I d )

27C l(n ,y ) j®Cl (2. 5 X 105 yr)

17 Cl(n, o ) 3|P (14.3 d)

^C l(n ,Y )38Cl (37.3 min)

3. APPLICATIONS

3. 1. Industrial

Sodium -24 is the short-lived  isotope most used in tracer work, fo r  such 
applications as:

Location of losses  from  underground piping [4, 5] .
D ischarge measurem ents (pipes and rivers) [ 6] .
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Study of industrial circu its: -m ixers 
Determination o f retention and storage tim es of 

industrial m aterials [ 9- 11] •

[ 7 , 8 ] .

It is  also used in activation analysis, particularly in graphite and high- 
n u clea r-g ra d e  aluminium [12] , in h ydrocarbons [13] and in g lass  [12, 14] .

In addition it is  used in the glass industry fo r  structure and surface in
vestigations [15] and in hydrology [16] .

In addition to the referen ces given fo r  industrial uses of 24Na reference 
may be made to general works [17] .

3. 2. M edical and biological

In these fields it is  used in the form  o f ch loride.

3 .2 .1 . D iagnostic: 24Na is  used for:

Sodium exchange studies [18-20] concerning

P erm eability  o f hair.
Perm eability  o f digestive m ucosa.
M easurem ent of ex tra -ce llu lar  fluids (doses o fth e o r d e r o f  1/uCi/kg) [21] . 

Urinary excretion  studies [18] .

C ardiovascu lar studies [18 -20 , 22-26] (doses o f the ord er of 200 AiCi [2 1 ] ) 
regarding:

M easurem ent o f circu lation  rate.
M easurement of the mixing rate of labelled blood and the blood circu lat

ing in various organs.
Heart output m easurem ents.
Peripheral circulation .

Location o f the placenta [20] .

3. 2. 2 . ” T herapeutic: 24Na is  used  in the treatm ent o f anim al and human 
leukaemias [20, 27-29] . The dose adm inistered in each treatment is between 
20 and 30 mCi [20] . B esides the re feren ces given there are others dealing 
with m edical uses of 24Na [30] .

4. RADIOLOGICAL PROTECTION

4.1.  External exposu re

4 .1 .1 . Irradiation doses

The dose  d e liv ered  by 1 C i o f 24Na at a d istance o f  50 cm  is :
- fo r  1. 368 M eV y  quanta (100%) 2 .6 0  r e m /h
- fo r  2 .7 5  M eV y  quanta (100%) 4 .2 0  r e m /h

6 . 80 r e m /h  [31]
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4 .1 .2 .  Safety m easu res

The follow ing ten th -th icknesses1 fo r  lead and ord inary  con cre te  give 
som e  idea  o f the amount o f p ro tection  needed in  handling 24Na:

Pb

Tenth-thickness
(cm )

Ordinary 
concrete 
d=  2 .3

For a y o f  1 .368 MeV 3 .8 20

For a y o f  2 . 75 M eV 5 .5 30 Ref. [31 ]

In p r a c t ic e , to  get a d o s e  o f  1 m r e m /h  at 50 c m  one ca n  h and le :
- 10 m C i o f  24Na w ith 9 cm  o f  lead  sh ie ld in g .
-  100 m C i o f  24Na w ith  14.5 cm  o f  le a d  sh ie ld in g .
- 1 C i o f  24Na w ith 20 cm  o f  lea d  sh ie ld in g .

4 . 2 .  In tern a l irra d ia tion

S od iu m -24 is  c la ss ifie d  as a m oderate ly  tox ic , c la ss  3, iso top e  [32] . 
Its e ffe ctiv e  h a lf- life , a llow ing fo r  both ra d ioa ctiv e  decay  and e x c r e to r y  
p r o c e s s e s , is  0. 60 d [33] .

In the case of internal irradiation (ingestion or inhalation), the maximum 
p erm iss ib le  concentrations in a ir  and water, resp ective ly , fo r  a 40 -h  ex
posure, are:

10"6 juC i/cm 3 and 6 X 10' 3 ;u C i/cm 3 (soluble form )
[34]

10"7 jn C i/cm 3 and 8 X 10' 4 ju C i/cm 3 (insoluble form )

4. 3. Decontam ination

Except in one o r  two particular cases there is no specia l decontamina
tion method fo r  any given radioisotope. Some general texts on this subject 
[35-39] indicate that the follow ing m easures are adequate:

4 .3 .1 . Skin

Rapid and repeated washing with good -qu a lity  soap , w arm  w ater and 
a soft brush. If this is  not sufficient, use can be made o f detergents or 5-10% 
solutions o f com plexing agents o f the EDTA (ethylenediam ine te tra -a ce tic  
acid ) type. It is  a lso  p oss ib le  to apply saturated perm anganate solu tions 
follow ed  by rinsing with a 5% bisulphite solution  to neutralize and rem ove

*The tenth-thickness is the thickness o f  shielding required to reduce the intensity o f  a y - radiation 
o f given energy by a factor o f  ten.
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stain. A brasive pow ders should not be used and the addition of entraining 
agents has proved disappointing. -

If any wounds are contaminated, they must be treated rapidly by bleed
ing, washing with w ater, decontam ination as fo r  the skin and som etim es 
by additional su rg ica l clean ing.

4. 3. 2. H air

If the hair is  contam inated, it is  im portant not to take a sh ow er, but 
m erely  to wash the head. A norm al, good-quality  shampoo is usually su f
ficient. If contamination is  persistent, the follow ing solutions can be used: 

paraisopropylorthoc reso l; 
lavandin oil;
AC-com pounded terp en e-free  lem on; 
g lycerine diacetin; 
benzoic acid;

Contamination is  much ea sier  to rem ove i f  the hair is not greasy.

4 .3 .3 .  L aboratory  equipment

G lassw are  is  usually  cleaned  by steeping and this is  m ainly a ra d io 
ch em ica l prob lem . The use o f a sp e c if ic  entraining agent o r  solutions o f 
com plexing agents gives good resu lts and so  do solutions o f ch rom ic acid> 
concentrated n itric  acid , am m onium  citra te , pentasodium  triphosphate o r  
amm onium b ifluoride.

5. SUMMARY OF PRODUCTION METHODS

Sodium-24 is  generally prepared by bombarding a sodium salt with ther
mal neutrons, follow ed by solution in hydrochloric acid. The salt used may 
be sodium  carbonate [40-42] o r  sodium  ch lo r id e  [43,44] . In both c a s e s , 
24Na is  obtained with an entraining agent.

Some authors have described methods of preparing 24Na without ca rr ier  
by using the A l(n ,a ) and Mg(n, p) reactions [45-48] .

G ovaerts [45] treats the target — m agnesium  carbonate o r  aluminium 
oxide — with w ater to which a trace  o f sodium  ch loride  has been added to 
facilitate the entrainment of radioactive sodium . This passes into solution 
as sodium carbonate o r  sodium . He separates the sodium from  the magne
sium carbonate o r  insoluble aluminium hydroxide by filtration.

Kim ura, Shibata and Shikata [47] adopt the ion-exchange method of 
ch em ica l separation. The sp e c if ic  activity  is  300 tim es g rea ter  than that 
obtained by the 23N a (n ,y )24Na reaction .

P ark er, B ildstein  and G etoff [48] irrad ia te  MgO o r  Mg(OH>2 in water; 
the 24Na isotope extracted in solution with water is  then purified by ion ex
change. This method is  suitable up to activities of the ord er o f one cu rie .
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PROCEDURES

CENTRE D'ETUDES NUCLEAIRES DE SACLAY, FRANCE

1. GENERAL

The m ethod con s is ts  o f  the irra d ia tion  o f a sodium  carbon ate  target 
and the sim ple dissolution of the irradiated target in order to obtain an is o 
tonic final solution (9 mg N aC l/m l).

2. EXPERIMENTAL PROCEDURE 

Irradiation

Target: Sodium carbonate (Johnson Matthey).
Irradiation conditions and y ield : Irradiation o f 500 mg of sodium carbonate

fo r  1 w eek at a flux o f 2 X 1012 n /c m 2 s 
y ie lds about 100 m Ci with a sp e c if ic  a c 
tivity o f  0 .2 -  0.3 m C i/m g  o f  NaCl.

Tw o capsu les each containing two inner capsu les o f 250 mg o f sodium  
carbonate are generally  irradiated . An activity of between 50 and 200 m Ci 
can thus be obtained accord ing to requirem ents.

363



F ive  hundred m illig ra m s o f sodium  carbonate a re  d isso lved  in 58 m l 
o f N / 6 hydrochloric acid. If no loss  of sodium carbonate has occurred , this 
quantity should perm it its exact neutralization and yield a solution at 9 m g/m l 
of sodium chloride and pH 7.

The pH is  adjusted i f  n ecessa ry  with 0.1 N soda o r  0.1 N h ydroch loric  
acid .

No specia l equipment is  needed fo r  this treatment; all that is necessary 
are beakers, pipettes and a pH m eter.

3. ASSAY AND QUALITY CONTROL

The activity of two 1-m l samples is measured with an ionization chamber, 
and a gamma spectrum  analysis to check the radiochem ical purity is  carried  
out.

B io log ica l tests to check  s terility  and the absence o f toxicity  are a lso 
made.

4. CHARACTERISTICS OF THE FINAL SOLUTION 

R eferen ce : 24Na S -1 -in jecta b le

A s te r ile , neutral, isoton ic and p y rog en -free  solution o f sodium  ch lo
rid e , m eeting the follow ing specifica tions:
R adioactive concentration , m easured to within 5%: 0. 5-5  m C i/m l. 
Radioactive purity: 24Na content > 99. 9% (gamma spectrum  characteristic

o f 24Na).
Specific activity: 50 - 500 m C i/g  NaCl.
NaCl content: 9 m g /m l.

Chemical treatment

CENTRAL INSTITUTE FOR PHYSICS, BUDAPEST, HUNGARY

1. GENERAL

The production of 24Na is  based on the nuclear reaction 23N a(n,7 )24Na. 
P rocess in g  consists o f d issolving the irradiated  target in the corresponding 
dilute acid and adding inactive salt when preparing an isotonic solution. At 
specia l request the product is  sterilized .

2. EXPERIM ENTAL PROCEDURE 

Irradiation
T arget: Sodium carbonate, M erck  analytical grade; amount va ria b le ,

depending on o rd er .
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Flux: 1013 n /c m 2 s .
T im e: 15 h.
Container: Quartz am poule with ground stopper.

C hem ical trea tm en t

No sp ec ia l separation  o r  pu rifica tion  is  ca rr ie d  out. D ifferen t co m 
pounds are pro’duced by dissolving the irradiated target in the corresponding 
dilute acid.

3. ASSAY AND QUALITY CONTROL

The purity o f the inactive target is previously checked by spectrom etric 
methods.

Radiochem ical purity is controlled with a multichannel pulse height ana
ly ser  fo r  each charge.

The pH is  determ ined in the usual way by m easuring aliquot sam ples. 
P harm aceutica l con tro l regard ing  s te r ility  is  ca rr ie d  out only in the 

ca se  o f products fo r  m ed ica l use.

4. CHARACTERISTICS OF THE FINAL SOLUTION 

S pecific  activity : 212 m C i/g

C hem ical form :

Sodium carbonate, white tablets.
Sodium  ch lo r id e , isoton ic  s te r ilize d  aqueous solution .

ATOMIC ENERGY ESTABLISHMENT TROMBAY, BOMBAY, INDIA

1. GENERAL

Sodium -24 and Potassium -42 are produced by irradiating the respective 
carbonates with neutrons in a nuclear re a cto r . The irrad ia ted  carbonate 
is  d issolved  in hydroch loric acid and the ch loride is supplied as sterile  is o 
tonic solution at pH 7 fo r  m edical use.

2. EXPERIM ENTAL PROCEDURE 

Irradiation

Target: F o r  24Na very  pure N a2C 03 o r  fo r  42K pure K2CO3 (s o 
dium content < 10 ppm).
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Container: 200 mg in can-type "A " (screw -capped  IS  aluminium can
o f 73 m m  height and 26. 5 m m  diam . ) o r  type "C "  (cold - 
w elded 2S alum inium  can  o f  44 m m  height and 22 m m  
diam . ).

F lux: 1012 n /c m 2 s .
Irrad iation  tim e: 12-24 h.

C hem ical trea tm en t

The g lassw are  to be used fo r  the production  is  washed se v e ra l tim es 
with doubly distilled water and after covering with brown paper, dry- 
sterilized  at 150°C fo r  2 h.

The irradiation  can containing 200 mg of Na2C03 (or K 2CO3) is opened 
and the contents are tran sferred  into a beaker containing 10 m l o f pyrogen- 
fre e  water. The pH is  adjusted to 7 by adding dilute h ydroch loric acid and 
the solution is  boiled  fo r  a few m inutes. A fter coo lin g , the pH is  adjusted 
again to 7, and the solution is filtered , collecting  the filtrate in a graduated 
storage  bottle . The volum e is  m ade up to 25 m l in the ca se  o f  Z4Na (fo r  
42K the volum e is  diluted to 21 m l). The solution is stirred  well and an ali
quot is  assayed fo r  activity in an ion cham ber. The rest o f the solution is 
distributed into various v ia ls and autoclaved along with a bacteria l culture 
sam ple (to test the steriliz in g  conditions).

3. ASSAY AND QUALITY CONTROL

The activity  assay is done by m easuring the ion current o f 1 m l o f the 
sam ple in a calibrated  ion  cham ber.

Estim ation o f NaCl o r  KC1 in stock  solution: The ch loride is  estimated 
by the V olhard 's  method.

R adioactive purity: The gam m a spectru m  o f the sam ple is  taken and 
is  com pared  with the known standard spectrum .

To con firm  the absence o f pyrogens in the active solutions, a simulated 
dum m y-run is  carried  out with every batch and the dummy product is  tested 
fo r  pyrogens on rabbits.

4. CHARACTERISTICS OF THE FINAL SOLUTION 

Code N AM - 1

S od iu m -24 as sodium  ch loride  in iso ton ic  solu tion , s te r iliz e d , pH 7. 
S p ecific  activity : 50 m C i/g  Na.

C ode K AM - 1

P otassium -42  as potassium  ch loride  in isoton ic solution, ster ilized , 
pH 7. S pecific activity = 50 m C i/g  K.
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MINISTRY OF DEFENCE, ATOMIC ENERGY COMMISSION, 
SOREQ RESEARCH ESTABLISHMENT, YAVNE, ISRAEL

A . PRODUCTION OF Z4Na AS NaCl ISOTONIC SOLUTION

1. GENERAL

Irradiation  o f Na2C0 3 . H20  produces 24Na by the (n, y )  reaction . The 
irradiated sam ple is  d issolved in the required amount o f 0.15 N hydrochloric 
acid to get an isotonic solution o f pH 7.

2. EXPERIMENTAL PROCEDURE

Irradiation

Target m aterial is sodium carbonate monohydrate (AR). Target amount 
(mg) is  9.3 X requ ired  solution volum e (m l). Irradiations are m ade in the 
Israel R esearch  R eactor 1 (IRR-1) at a thermal flux of 1013 n /cm 2 s (rabbit) 
o r  3 X 1 0 13 n /cm 2 s (pool).

Irradiation tim e is  calculated from  the sim ple form ula t = A /F  where:

t = required irradiation  tim e (min)
A = required specific  activity of the solution (calculated to irradiation 's 

end tim e) in /uCi/ml
F = flux, expressed in units of 1012 n /cm 2 s.

This form ula holds fo r  short irradiations.
F or  pool irradiation , the target is  sealed  into a s ilica  am poule, which 

is in turn put into an aluminium irradiation  container. F or rabbit irrad ia 
tion, the sam ple is sealed into a polyethylene vial.

Chem ical treatm ent

T ransfer irradiated sam ple into ce ll.
Wash s ilica  ampoule with acetone.
B reak  am poule. T ra n s fe r  contents to beaker containing requ ired  amount

- o f 0.15 N HC1.
A fter sodium  carbonate is  d isso lved  check pH (it should be 7).
F ilte r  through grade " F "  sin tered  g lass plate.
Take an aliquot; ca lib ra te  activity .
D e liver  requ ired  amounts into pen icillin  bottles . C lose  bottles.
S terilize  to 120°C fo r  one hour.
Note: P y ro g e n -fre e  d istilled  w ater is  used throughout.
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R adioactive purity is ascerta ined  by y -r a y  spectrography.

3. ASSAY AND QU ALITY CONTROL

B . PRODUCTION OF S4Na IN  AQUEOUS SOLUTION IN  THE CURIE  
A C T IV IT Y  R A N G E 1

1. GENERAL

A sp ec ia l sm all, alum inium  con ta in er, holding about 1 g sod ium  c a r 
bonate is  irradiated , and then d issolved  in HC1. A ll the p rocessin g  is done 
in a lead -sh ie lded  p lastic container as explained below .

2. EXPERIM ENTAL PROCEDURE 

Irradiation

Sodium carbonate (AR) is put into a specia l aluminium container of 1 cm 3 
capacity, tightly closed  by means of a screw -on  cap and polyethylene gasket. 
This is  irradiated  at a therm al neutron flux of 2.5 X 1013 n /c m 2 s (pool i r 
radiation). The polyethylene gasket w ill withstand up to one hour ir r a d i
ation. A fter irradiation and a half-hour cooling time have elapsed, the lead- 
shielded plastic container shown in F ig. 1 is low ered into the pool by a crane.

o

F IG .l. Apparatus for the ch em ica l processing o f  24Na solution in the curie activity range

1 In collaboration with the Industrial Applications Unit.
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Chemical treatment

Put the irradiated  sam ple into container 'A ' . Cut the aluminium w ire 
above the irradiated  sam ple.

R aise the container above the pool. C lose opening 'O '. Apply a ir p res
sure fo r  drawing the pool water out of the container.

L ow er  the con ta in er onto the tru ck . Take it  out o f the r e a c to r  h a ll. 
D issolve  the aluminium container and sodium  carbonate by adding 

2 litres  5 N hydroch loric  acid through a tube.
Add 2 litre s  o f 5 N sodium  hydroxide.

JAPAN ATOMIC ENERGY RESEARCH INSTITUTE, 
TOKAI, IBARAKI, JAPAN

1. GENERAL

The production p rocess  o f 24Na is  based on the irradiation  o f a sodium  
carbonate target and the subsequent dissolution in dilute h ydroch loric  acid .

2. EXPERIM ENTAL PROCEDURE

Irradiation

T arget m ateria l: 3. 0 g Na2C 0 3 (JISGR1) fo r  JR R -1 ; 0. 8 g fo r  J R R -2 .
Container: JR R -1 : sealed  in the polyethylene sheet and placed in

the polyethylene capsule.
JR R -2 : p laced  in  the polyethylene bottle , then in the 
polyethylene capsu le .

Flux: ~ 3  X 1011 n /c m 2 s (JR R -1).
~ 2  X 10 l3 n /c m 2 s (JRR-2 pneum atic tube). 

Irradiation  period : 10 h (5 h /d ) in JR R -1 ; 20 m in in JR R -2 .

C hem ical trea tm en t

The apparatus fo r  the ch em ica l p rocess in g  is  shown in F ig s . 1 and 2. 
Cut the polyethylene inner capsu le  by the cu tter (a).
T ransfer the target into the dissolving v esse l (b). A fter fixing the cap 

o f the v esse l, add the following amount of hydrochloric acid from  the reagent 
feed pipe (c) with magnetic stirring.

~  6 ml 3 N H C l/g  Na2C0 3 (irradiations in JRR-1).
~ 2 1  m l 0 .8  N H C l/g Na2C0 3 (irradiations in JRR-2).

The gases and bubblings are trapped in the trap (d).

1 Japan Industrial Standard Grade Reagent.
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Polyethylene capsule cutter 
Dissolving vessel 
Reagent feed pipe 
Trap for exhausting fume

e . Electrode for pH measurement
f . Remote pipetter for dispensing
g. Rotary table
h. Encapsulator

F IG .l. Arrangement o f  apparatus for 24Na production

FIG. 2 . Apparatus for the production o f 24Na



Adjust the pH o f the d isso lved  solution to 7 -8 .5 . P la ce  the d issolv in g  
vessel (b) under the r emote pipette (f), suck the 24Na solution into the pipette, 
then distribute into the bottles placed on the rotary table (g).

A rubber cap and an aluminium cap are fixed  on the bottle with the en- 
capsulator (h) (F ig. 3).

FIG. 3. Encapsulator for the product bottle

3. ASSAY AND QUALITY CONTROL

The analysis of heavy m etals is carried  out by the com parison of colour 
developm ent with the standard lead solution on the addition of hydrogen su l
phide gas.

Routine assay is ca rr ied  out by the w ell-type  ionization cham ber, and 
fo r  the calibration  a 4 jt |3-y co in ciden ce  counter is  em ployed.

In addition, a routine check  o f pH is  ca rr ie d  out.
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4. CHARACTERISTICS OF THE FINAL SOLUTION

The specifica tions o f the product 24Na are as follow s: 
C hem ical form : NaCl in neutral solution (pH 7 .0 -  8.5)
R adiochem ical purity: O ver 99%
S pecific activity: ~  13 m C i/g  Na (P roduct o f JR R -1);

~ 6 0  m C i/g  Na (Product o f JR R -2). 
Concentration: ~  0.8 m C i/m l (Product of JR R -1);

~  1. 0 m C i/m l (P roduct of JR R -2).

INSTITUTT FOR ATOMENERGI, KJELLER, NORWAY

1. GENERAL

Sodium -24 is  produced  by irrad ia tin g  sodium  carbonate in a therm al 
neutron flux,23Na(n, y)24Na. A fter irradiation  the sodium carbonate is  con 
verted  to sodium  ch loride by reaction  with hydroch loric acid.

2. EXPERIMENTAL PROCEDURE

Irradiation

Target m aterial:
T im e of irradiation 
Container:

Flux:
Side reactions:

C hem ical trea tm en t

The irradiated sodium carbonate is dissolved in dilute hydrochloric acid. 
A fter com pletion  of the reaction  the solution is  evaporated to dryness, and 
the ch loride  is  d issolved  in water.

3. ASSAY AND QUALITY CONTROL

R adioactivity, relative ionization cham ber m easurem ents.
Isotop ic purity con trol, 0 - absorption analysis, •y-spectrography. 
pH.
Chem ical purity con tro l, em ission  spectrography.
T oxicity  and pyrogen con tro l, test on anim als.

All products are subject to individual inspection and approval by pharma
ceutical personnel.

200 mg Na2C0 3, M erck , p. a. dehydrated.
: 2-3 d.

Alum inium  can, with sea led  polyethylene inner con 
tainer.
About 1.5 X 1012 n / cm2 s .
None.
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4. CHARACTERISTICS OF THE FINAL SOLUTION

NSI — sodium chloride in neutral isotonic solution, sterilized . 
Radioactive concentration: 1-2 m C i/m l.
Isotopic purity:
Specific activity: 
pH:
C hem ical purity:

NaCl content:

Greater than 99.9%.
300-500 m C i/g  Na.
6-7.

M etals, sp ectrogra p h ica lly  determ ined , le s s  
than 10 M C i/m l.
0. 9%.

IN ST IT U T E  O F N U C L E A R  R E SE A R C H , 
SW IERK N E A R  O T W O C K , PO L A N D

1. GENERAL [1-5]

Sodium -24 is obtained from  Na2C 0 3 irradiated in the reactor. The prod
uct is  usually distributed as ch loride  which is  form ed after the dissolution 
o f Na2C 0 3 in HC1.

2. EXPERIM ENTAL PROCEDURE 

Irradiation

Target:

Flux:
Tim e o f irradiation: 
Container:
Activity obtained:

140 mg of anhydrous Na2C 0 3, analytical grade, powder, 
in a sealed quartz tube wrapped in aluminium foil.
2 X 1013 n /cm 2 s.
18 h.
Aluminium capsule closed  by welding.
Approxim ately 180 m C i/g .

C hem ical treatm ent

The irradiated  capsule is  placed in a d ry -b ox  fo r  Opening. The quartz 
tube with the target m aterial is  opened with a specia l cutter. The tube con
tent is placed in a 50-m l beaker and 16.5 ml of 6 N HC1 is added. The beaker 
is  p laced in a fum e box and heated with a sp ecia l dev ice  fo r  5 -8  min to r e 
m ove rem ain ing C 0 2 . P y ro g e n -fre e  w ater is  used fo r  the preparation  o f 
a ll solutions as w ell as fo r  rinsing the g lass equipment used. The acidity 
o f the resu ltin g  solution  w hich should be in the pH range 7 -8  is  ch eck ed , 
a fter coo lin g , on a pH m eter. The concentrations o f Na2C 0 3 and HC1 are 
ca lcu lated  so  that the neutralization  leads to the form ation  o f the iso ton ic  
24NaCl solution . The 24NaCl solution is  divided into portions by pipetting
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into pen icillin  v ia ls . The solutions prepared  fo r  in jection s are  p roduced  
by the use o f p yrogen -free  water and p yrogen -free  reagents and after stop
pering are sterilized  at 2.5 atm fo r  25 m in. A ll operations are ca rr ied  out 
in  a box with 10-cm -th ick  lead sh ields..

3. ASSAY AND QUALITY CONTROL

The activ ity  o f the product is  m easu red  in an ion ization  ch am ber against 
standard.
The ch em ica l purity is  checked  sp ectra lly .
The radiation  purity is  checked  by gam m a sp ectrom etry .

4. CHARACTERISTICS OF THE FIN AL SOLUTION

Sodium  c h lo r id e -24 fo r  in jection  
R adioactive concentration : 0 ,5 -5  m C i/m l.
Radiation purity: 99.9%.
S p ecific  activ ity : 50 -250  m C i/g  Na.
D ry  residu e: 9 m g /m l.
S ter ile , p y ro g e n -fre e .

R E F E R E N C E S
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THE RADIOCHEMICAL CENTRE, 
AMERSHAM, BUCKS., UNITED KINGDOM

1. GENERAL

Sodium -24 is prepared as a sterile  isotonic solution of its ch loride. The 
nuclear reaction  utilized is  23Na(n, Y).24Na. Irradiated sodium  bicarbonate, 
in pellet form , is converted to sodium chloride by reaction with hydrochloric 
acid. •
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2. EXPERIMENTAL PROCEDURE 
Irradiation

T arget: NaH C03, pellet, B urroughs W ellcom e , analytical
reagent grade, low  B r and K content.

Irradiation  container: Doubly encapsulated in aluminium scre w -to p  con 
tainers .

Irradiation  conditions: F lux 1.2 X 1012 n /c m 2 s fo r  4 d.
82B r and 42K im purities are kept to a m inim um  by 
ca re fu l se lect ion  o f target m ateria l.

C hem ical trea tm ent
The irradiated target m aterial is  d issolved in water and titrated against 

h y d roch lor ic  acid , using m ethyl orange in d ica tor . D isso lv ed  C O 2 is  r e 
moved and methyl orange destroyed by boiling with hydrogen peroxide. The 
pH is  then adjusted to 7 and ch ecked  by pH m eter  and the tota l vo lu m e o f 
the solution is  corrected  fo r  isotonicity. A fter dispensing each consignment 
is  sterilized  by autoclaving.

3. ASSAY AND QUALITY CONTROL

The target m aterial is subjected to activation analysis.
The product undergoes examination by 7 - spectrom etry  fo r  42K and 82Br 

and fo r  anionic im purities by ion exchange.

CHARACTERISTICS OF THE FINAL SOLUTION

Specific activity (at time
o f dispensing): ~  300 mCi 24N a/g  Na ..
Radioactive concentration
(at tim e of dispensing): 
Radioisotopic purity (at 
tim e of dispensing): 
Radiochem ical purity: 
Total solids: 
pH:

~  1 mCi 24N a/m l.
J 42K <  0.005%.
I 82 B r < 0. 005%.

24NaCl 100%.
9 mg N aC l/m l (to give isotonic solution).
6 - 8 .

OAK RIDGE NATIONAL LABORATORY, 
TENN., UNITED STATES OF AMERICA

1. GENERAL

Sodium -2 4  is  produced by the (n ,7 ) reaction  in a Na2C 0 3 target, 
23Na(n,Y)24Na,and is  prepared as NaCl in a water solution.
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2. EXPERIMENTAL PROCEDURE

Irradiation

Target: 250 mg Na2C 0 3.
Neutron flux: lXlOW  n /c m 2 s.
Irradiation tim e: 60 h.
R eactor yield: 250 mCi.

Chem ical treatm ent

Apparatus

A hot o ff-ga s  scrubber unit1 is  used in p rocessing . P rocessin g  facility  
and shielding required: manipulator ce ll, 6-in . lead equivalent.

P rocess in g  

Y ield: > 90%
The irradiated  target is transferred  into a beaker under the hot off-gas 

scru b b er  a ssem b ly , and 12 M HC1 is  added d ropw ise  (to m in im ize  e f fe r 
vescin g ) and heated until all target m ateria l is  d isso lved . The solution is  
evaporated to com plete dryness to rem ove excess HC1. The residue is  d is
solved in ~  20 m l o f distilled H2O and again evaporated to dryness to rem ove 
tra ces  o f HC1. F in a lly , the volum e is  adjusted to 50 m l o f d istilled  H20  
to g ive a product solution  that is  w ater-w h ite , pH ~  7.

3. ASSAY AND Q U ALITY CONTROL

Samples are analysed for pH, total solids, 24Na concentration, and radio
ch em ica l purity accord ing  to ORNL M aster A nalytical Manual (TID -7015), 
procedu re  No. 9 0733792.

P re c is io n  and accu racy  o f the 24Na assay are:
C alibration  by 4ir fi-y  co in ciden ce  counter.
Routine a ssay  by ion ization  ch am ber and w e ll-ty p e  scin tilla tion  cou nter. 
Estim ated lim it of e r r o r  in d isintegration -rate concentration  o f routine 
shipment, 3%.
P rec is ion , 2%.

4. CHARACTERISTICS OF THE FINAL SOLUTION

P r o c e s s e d , high s p e c if ic  activ ity  24Na is  d e liv ered  as NaCl in w ater 
solution  as a sto ck  item . O ther sp ec ifica tion s  o f in te rest are : 
pH: 7 . 0 - 8 . 5 .

: See Fig. 2 o f section on 82 Br provided by ORNL, T enn ., United States of America.
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C oncentration : > 1 m C i/m l.
S p ecific  activ ity : = 10 000 m C i/g  Na.
R ad ioch em ica l purity: > 99%.

BORIS KIDRlC INSTITUTE OF NUCLEAR SCIENCES, 
VINCA, YUGOSLAVIA

1. GENERAL

Sodium carbonate is  used fo r  the production of the isoton ic solution of 
Z4NaCl.

2. ■ EXPERIM ENTAL PROCEDURE

Irradiation

Target:
Therm al flux:
Irradiation  tim e:
Irrad iation  con tainers

Chem ical treatm ent 

Separation method

A sam ple of irradiated  carbonate is  put in a dissolution  v e sse l (F ig . 1) 
(A) and, from  a v e sse l fo r  adding ch em ica ls  (D), 10 m l o f doubly d istilled  
w ater is  added. A fter d issolv in g  the target 19.2 m l o f 0.4 N HC1 is  added 
and finally 10 m l of water to rinse the HC1 rem aining in the tube. The neu
tral liquid obtained is  heated to rem ove the C 0 2 and evaporated to dryness. 
This is  n ecessary  as, to obtain an isotonic solution,the concentration of salt 
should be p re c ise ly  adjusted. The evaporation o f the solution  is regulated 
by sw itching on the adjustable heater (I). A fter  com plete  evaporation  the 
heater is  sw itched o ff and v e sse l (A) is le ft to co o l down. The ch loride  is 
d issolved  with the addition o f 49.5 g of doubly d istilled  w ater. Sodium 
ch loride  is  d issolved  and eluted from  the v e sse l. It is  percolated  through 
the G -5 sintered glass o f the filtration  vesse l (B) and transferred  to burette 
(C) fo r  weighing. In this case vacuum is used. If double amounts are taken 
100 m l of the solution can be produced with the sam e apparatus.

Apparatus

An apparatus of Pyrex glass is used fo r  the production of isotonic solu 
tions o f 24NaCl and 42KC1 (Fig. 1).

0 .408  g M erck 's  reagent grade Na2C 0 3 .
1.5 X 1013 n /cm 2 s (RA rea ctor  at VinEa).
1-36 h.

: C y lin d rica l with screw ed  c o v e r s , in ternal length 
70 m m , internal diam.- 25 mm .
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A . Vessel for dissolution D . Vessel for reagent addition
B. Vessel for filtration I .  Heater
C . Burette

F IG .l. Apparatus for the production o f  isotonic solutions o f  24NaCl and 42KC1

3. ASSAY AND QUALITY CONTROL

Radioactive m easurem ent of the solution.
Radioactive purity control. 
pH control.
S terility control.
P yrogen ity  con tro l o f  doubly d istilled  w ater u sed  fo r  p rep arin g  a ra d io 
active  solu tion .

4 . CH ARACTERISTICS OF THE FIN AL SOLUTION

R eference: Y V N a24/l, sterile  isotonic sodium chloride solution,pH“ 6-7. 
Radioactive concentration: Measured to within 10%; 1-15 m C i/m l. 
Radioactive purity: 24Na content m ore than 99%.
Specific activity: 1 C i/g  Na.
Isotonic solution.
P yrogen-free.
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SULPHUR-35

NUCLEAR DATA

1. NUCLEAR PROPERTIES

1 .1 . H a lf-life  

87 d

1. 2. T ype o f  decay, and en erg y  (M eV)

Pure beta em itter 

beta (/3*) 0.167 (100%)

1. 3. D eca y  sch em e
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2. NUCLEAR REACTIONS AND PRODUCTION

Reaction

Isotopic 
abundance 

o f  the 
nuclide 

(%)

Cross-
section
(barn)

Activity o f  elem ent 
at 1013 n /c m 2s 

(m C i/g )

1 h 24 h sat.

Secondary reactions and ha lf-life  
o f  nuclide formed

“ s cn .y j^ s 4. 22 0 .27 0 .019  0 .47  58 32S (n ,p )32P

(T  = 14. 3 d) 
isot. abund.: 95. 0%

33 S (n ,p )33P

(T = 24. 6 d) 
isot. abund.: 0. 75<7o

^ C lfn .p J^ S 75. 529 0. 3 5 a 0 .42  9 .7  1220 35C l(n ,y )36Cl

(T = 2. 5 x 105 yr) 
isot. abund.: 75.4% 
o  = 33 barn

35 C l(n ,a )32P

(T  = 14. 3 d)
O(f) = 0.0145 barn, O(th)~®-08 rnbarn

a The mean o f  nine reported values [3 -1 2 ] .
Only the side-reactions producing nuclides with ha lf-lives  exceeding 1 h are taken into 
consideration.
For nuclear data see Refs. [1 -1 3 ] .

3. APPLICATIONS

Sulphur-35 has found wide application, mainly as a tracer. Sulphur-35- 
labelled inorganic sulphate, as well as sulphide or elem entary sulphur, are 
used either as such, or as starting m ateria l fo r  further syntheses of com 
pounds. Many 35S~labelled com pounds have been prepared  [14 ], som e of 
them  by exchange reactions [15, 16] .

Some re fe ren ces  to the m ain applications are given below .

3. 1. B io ch em is try  and b io logy

M etabolism  of proteins [17]
Sulphur m etabolism  in m icroorga n ism s [18]

v iru ses  and bacteriophages [19]
Sulphur m etabolism  in bones and teeth [20]
Genetic studies [21]
Im m unology [22]

3 .2 . Plant p h ysio logy  [23]
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3. 3. Analytical chemistry [ 2 4 ]

3. 4. O rganic ch em is try

Studies of structure and reaction  m echanism s [25] 
C hem istry of e lastom ers [26]

3 .5 . D rug resea rch  [27]

4. RADIOLOGICAL PROTECTION

4. 1. E xtern a l irradiation

The maximum range of 36S beta p articles .is  35 m g /cm 2; thus chem ical 
glassware is quite sufficient for  shielding. The resulting brem sstrahlung(for 
calculation see [29]) has a maximum energy of 0. 16 MeV; the experim entally 
determ ined spectrum  o f the brem sstrah lung shows a m axim um  in the 
15-40 keV in terval of energy [30] depending on the atom ic num ber of the 
absorber. If 35S has been prepared by the (n, y) reaction, 32P w ill a lso  be 
present. A ppropriate parts of apparatus must th ere fore  be shielded with 
1 cm  of P erspex  and, fo r  large 32P activities, with lead. Remote handling 
is n ecessary  as w ell, if 32P is present in significant quantities.

4. 2. Internal contamination

Sulphur-35 is  c la ss ified  [28] as a c la ss  3 (m oderate tox icity ) isotope 
and has an e ffective  h a lf-life  o f 18 d [31] .

4. 3. D econtam ination

35S-sulphate can be rem oved from  su rfaces by dilute inorganic acids 
[32] ; washing with water is sufficient fo r  g lass, Polythene, P lex ig lass and 
linoleum  [33] . A dilute c a r r ie r  solution containing saponates is  suitable 
fo r  rem ova l fro m  clothing [33] .

35S-sulphide contamination should be rem oved with an alkaline solution 
of an oxidizing agent (hydrogen peroxide). Acid solutions must not be used 
to avoid the re lea se  of vo latile  hydrogen sulphide. F o r  the sam e reason , 
an alkaline solution of an oxidizing agent must be em ployed in traps closing 
apparatus in which the labelled hydrogen sulphide may be formed. The wastes 
containing 35S-sulphide should be thoroughly oxidized.

G eneral methods fo r  the treatm ent of active waste are applicable [34] ; 
adsorption colum ns have been recom m ended [35] .

5. SUMMARY OF PRODUCTION METHODS

The production o f c a r r ie r - fr e e  35S is  based on the nuclear reaction 
35Cl(n, p)35 S. The application of the 34S(n, y)35s reaction is very limited [36],
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A fter ch em ica l p ro ce ss in g  35S is  presen t as sulphate. The m ethods 
fo r  the preparation of 35S-labelled sulphide or elem entary sulphur are also 
review ed.

5. 1. T argets

The follow ing targets are reported in the literature:
Sodium or potassium  chloride.
Anhydrous fe r r ic  ch loride.
Carbon tetrachloride.

C arefu lly  dried  Analar grade sodium  or potassium  ch loride should be 
used. F err ic  chloride is purified by sublimation [37] . Carbon tetrachloride 
is  unsuitable fo r  pile irradiation; this target was used fo r  the preparation of 
35S, using radium -beryllium  neutron sources [38-43] and is mentioned here 
fo r  com pleteness only.

5. 2. Chem ical p r o c e s s e s

5 .2 .1 . Preparation o f 35S-sulphate

Sodium or  potassium chlorides are the main targets used for  the production 
of 35S. Sulphur-35 form ed in these targets is  found as sulphate ion on d is - 
solvingthe target in water and no additional oxidation is necessary. Sulphur-35- 
sulphide may also be expected [44-46] but is found only in slightly irradiated 
crysta ls  [4 7 -4 8 ], in contrast to highly irradiated ones used fo r  production. 
Phosphorus-32 atoms arising in these targets react with water to give phos
phates; compounds in low er oxidation states are form ed under the conditions 
mentioned fo r  35S-sulphides [49 -51 ].

In all separation methods the short-lived  activity (especially that of 24Na 
o r  42K) is  a llow ed to decay b e fo re  the target is  p ro ce sse d . C h lorin e-36 , 
which a rises  together with sulphur-35, is  often p rocessed  as a valuable by
product [46, 52, 53] .

The production methods reported are:

(a) Rem oval of cations from  the d issolved targets

Cations are rem oved  a fter d isso lv in g  the target in h y d roch loric  acid 
which is  then evaporated, leaving 35S-sulphate in the residue.

R em oval of cation  on cation exchange resin

The solution of the target is  adjusted fo r  concentration and passed 
through a column [46, 52, 54-59] . A column, 30-m m diam. , containing 300 g 
of A m berlite IR -120, is used fo r  processing 20 g of potassium  chloride [57, 
58] . Continuous [46] or vacuum [59] evaporation of hydrochloric acid may 
be em ployed.

Precip itation  of cation

Hydrogen chloride gas is passed into a concentrated solution of the target 
which is  coo led  to - 1 0 “ C. A fter saturation, the precip ita ted  cry s ta ls  of

382



potassium  or sodium  chloride are rem oved, the filtrate evaporated and the 
whole p rocess  repeated. The last traces of cations are rem oved on a small 
cation exchange column [36, 37, 60] .

Extraction of cations

Irradiated fe r r ic  ch loride is  d issolved  in concentrated h ydroch loric 
acid in the presence of hydrogen peroxide. A fter dilution with water to 6 N 
hydroch loric  acid, the fe r r ic  ions are repeatedly extracted with is o propyl- 
ether, when the 35S rem ains in the aqueous phase [37] .

In all the above p rocesses  the 32P has to be rem oved either on a column 
of aluminium shavings [46, 59] o r  by co -p recip ita tion  with fe r r ic  hydroxide 
in alkaline solution [5 6 -5 8 ].

(b) Isolation o f 35S from  the d issolved  targets

Sulphur-3 5-su lphates are adsorbed on appropriate m ateria ls  leaving 
cations and ch lorides in solution

A dsorption  on alumina

The solution of the irradiated targetin  0.5 N hydrochloric acid is passed 
through an alum ina colum n. A fter washing w ith w aterth e 35S-sulphate is  
quantitatively eluted with 1 N ammonia, while 96% of the 32P activity remains 
on the colum n. The 35S-solution  is then evaporated and cations rem oved  
on a sm all ion exchanger column [61]. Some im provem ents have been pro 
posed (elution of 35S by 0. 1 N ammonia [62] o r  0. 05 N sodium  bicarbonate 
[63 ], rem oval of aluminium tra ces  by precipitation  [64], e t c . ) and designs 
of production apparatus have been developed [33, 6 2 -67 ]. t

Separation on anion exchanger resin

The 0.1 M solution of the target is passed through an Amberlite IRA-400 
colum n. Phosphorus-32 is co llected  in the firs t  fractions, when eluted by
0 .1  M hydrochloric acid, and the pure 3oS-sulphate in the next fraction [68] .

Adsorption on other m aterials

B arium  sulphate colum ns [69] and iron  hydroxide colum ns [70] have 
a lso  been  proposed  fo r  the separation  of 35S.

C o-p recip ita tion  o f 35S with barium  chrom ate

B arium  chrom ate is  precip itated  fro m  a solution  of the irradiated 
potassium  ch loride . The precip itate containing 35S is  d issolved  in hydro
ch loric  acid, the chromate ions reduced and the cations removed on a cation 
exchanger [53]. In the second process  [71 ,7 2 ], the barium chromate p reci
pitate is d issolved in a warm solution of potassium carbonate, and the solu
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tion containing 35S is  evaporated with phosphoric acid and powdered copper. 
Sulphur-35 -labelled sulphate is reduced to 35S-sulphur dioxide at the end of 
evaporation and trapped in hydrogen peroxide solution as 35S-sulphate.

Precipitation  of 35S in the presence of sulphate ca rr ier

Barium sulphate is precipitated from  a solution of the target containing 
sulphate carrier. The precipitate is then reduced to barium sulphide and the 
released hydrogen sulphide oxidized to sulphate [44, 73].

(c) Isolation of a&S from  the solid targets

The irrad iated  cry sta ls  o f the alkali ch loride  are heated at 77 0° C in 
a stream  of hydrogen. The 35S-hydrogen sulphide is trapped in brom ine 
w ater [74, 7 5 ], P hosph oru s-32  rem ains in the crysta ls .

5 .2 .2 . P reparation  of 35S-sulphide

35S-sulphide is usually prepared from  separated 35S-sulphate, although 
d irect p rocess in g  of irrad iated  targets has a lso  been reported . The 35S- 
sulphide is  usually prepared with added ca rr ie r . A ll operations with water 
solutions of sulphide o r  hydrogen sulphide gas must be ca rr ied  out in 
an inert atm osphere to prevent oxidation. M ethods available fo r  the r e 
duction o f 35S-sulphate can be essentia lly  c la ss ifie d  as dry o r  wet ones, 
accord in g  to the conditions.

(a) Redu.ction of 35S-sulphate in the so lid  state

Sulphur-35-labelled barium sulphate is mostly used as the starting material 
in the dry processes . The following reducing agents were reported:

Elementary carbon

F or low activity samples [39, 4 1 ,4 3 ,7 6 ],

Hydrogen

Heating at tem peratures of 850 -1000°C fo r  severa l hours [73, 77, 78 ], 
See a lso  R efs. [74, 75] .

M eta llic potassium

Heating in a sealed  tube at 500° C fo r  2-3 min [79] .

Aluminium powder

F o r  low activity sam ples [80],
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(b) Reduction o f 35S sulphate in solution

The wet reduction m ethods, proposed  and w orked out fo r  use in ana
ly tica l chem istry  181-86], have been applied to the preparation  of 35S- 
sulphides. The isotope effect has been observed in the reduction of sulphate, 
independent of the reduction mixture used [87, 88]. The heavier isotopes of 
sulphur are concentrated in the residue; it is therefore necessary to prolong 
the reduction  fo r  som e tim e, even though the ch em ica l y ie ld  has already 
reached 95%. The following mixtures were reported fo r  35S~sulphate reduction;

H ydroiodic acid and form ic  acid [89]

H ydroiodic acid, form ic  acid and sodium hypophosphite

Heating at 80-90° C for  0. 5 h [90]. This mixture is also applied directly 
fo r  the solution of the irradiated target [91].

Phosphoric acid, potassium iodide, and sodium hypophosphite.

This mixture is used for direct processing of the target [56].

H ydroiodic acid, form ic acid and red phosphorus

Heating at 9 0 -1 5 0 °C fo r  4 h [92] . A tem perature o f 150°C fo r  2 h is  
recom m ended fo r  d irect p rocess in g  of the target [93, 94] .

P hosph oric  acid  containing stannous ions

Heating at 200-250°C fo r  45 min [91, 95]. No volatile compounds except 
hydrogen sulphide have been observed during the reduction.

The processing of the 35S-hydrogen sulphide obtained by one of the above 
m ethods depends on the product required. The absorption of 35S-hydrogen 
sulphide in an aqueous solution of alkali hydroxide [90, 92, 95] or carbonate 
[5 6 ], in an ethanolic solution of alkali hydroxide [9 3 ], or  in an ethanolate 
[56] w ere reported  fo r  the preparation  of alkali sulphide; solutions of ap
prop ria te  sa lts w ere used fo r  p reparin g  other m eta l sulphides [93] .

5. 2. 3. P repara tion  o f 35S -e lem entary  sulphur

35S -elem entary  sulphur can be prepared  by oxidation of 35S-sulphide. 
Iodine in an acid solution [73, 78] or potassium ferricyanide in alkaline solu
tion [39, 91, 92, 94] are used fo r  oxidation. The d irect introduction o f 35S- 
hydrogen sulphide into an oxidizing solution has been described [89, 94], but 
dropw ise oxidation in the presence o f a benzene layer with stirring was re 
commended to obtain the crystalline sulphur (after separation and evaporation 
of the benzene layer) [92].
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6. RADIOASSAY

R elative m easurem ent is  recom m ended  fo r  routine w ork . T o avoid 
d iscrepancies due to self-absorption  losses, counting of the sulphur-35 acti
vity in aqueous solutions is  recom m ended. The counting equipment can be 
calibrated with standard solutions of sulphur-35, which are com m ercia lly  
available, their activity being estim ated by 47r absolute counting.

The relative counting of the diluted product can be carried  out using a 
thin window GM counter, o r  a scin tillation  counter. The presen ce  of 3‘2P 
w ill o f cou rse  cause e rra tic  resu lts .
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PROCEDURES

ATOM IC ENERGY OF CANADA LTD . f CH ALK R IVE R, CANADA

1. G EN ERAL

Sulphur-35 is a beta em itter with a h a lf-life  of 87 d. It is produced in 
the reactor by the irradiation of a ch loride target, 35Cl(n, p )35S.

A fter irrad iation , the sulphur-35 is ch em ica lly  separated fr o m  the 
target, analysed and shipped as requ ired .

2. E XPER IM E N TAL PROCEDURE 

Irradiation

Each irradiation  con sists of 18-20 g of potassium  ch loride sealed in a 
standard reactor capsule. The norm al irradiation time is six months. The
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usual yield is  12 to 15 Ci from  each capsule, depending on the neutron flux. 
An appropriate number of capsules are held under irradiation to provide our 
norm al and standby requirem ents.

Chem ical treatm ent

The irradiated target is cooled for several days to allow the high energy 
42K to decay and is then entered to a glove box for processing. The capsule 
lid is rem oved and the contents poured into a sm all glass vessel where they 
are d issolved in approxim ately 100 m l warm  distilled water. This solution 
is  applied to a Dowex-50 cation exchange column at a flow -rate of about one 
drop per second. The column retains the potassium  ion. The effluent con
tains the sulphur-35 and the c h lo r id e -3 5 ,-36 ions. This effluent is  trans
ferred  to a distillation and condenser assem bly where it is distilled to near 
dryness. The d istillate contains the ch lo r in e -3 5 ,-36 ions in HC1. The 
sulphur-35 rem ains in the d istillation  flask. This is  treated with a sm all 
quantity of fuming nitric acid to destroy any organic m aterial present, which 
is  subsequently distilled  off as waste m aterial. The rem aining residue is 
refluxed in a few m illilitres  of concentrated HC1, which is also distilled off 
to waste. The residue is dissolved in distilled water and drawn off as H2S04 
in dilute HC1, which is the final product.

Equipment
The equipment is enclosed in a lucite box fitted with rubber gloves since 

no additional shielding is required. The decayed capsule is transferred with 
extension tongs from  the storage container to the firs t  com partm ent in the 
box. The capsule is placed into a manually operated capsule opener located 
above a sm all dissolution  vesse l. The capsule contents are poured into this 
vessel where the initial dissolution step begins. The remainder of the equip
ment is  a sealed  g lassw are system  consisting of the ion exchange colum n, 
d istilla tion  and condenser assem bly  and a burette fo r  product dispensing. 
Reagents are added as required through header vessels located on top of the 
box. Liquids are transferred  by means of sm all vacuum pumps and ap
propriate glass piping. Stopcocks are manually operated, using the rubber 
gloves. The box is exhausted via absolute filters . Waste solutions are co l
lected inside the box in glass bottles.

3. ASSAY AND QUALITY CONTROL 

Ch em i cal

Small samples of the product are rem oved and analysed fo r  total solids, 
non-volatile solids, oxidizing m aterials and m etals. The acidity is adjusted 
to the appropriate norm ality . An arch ive  sam ple is  kept fo r  re co rd  
pu rposes.

R ad iochem ica l

A 0. 167 MeV beta particle  is the only radiation emitted in the d is
integration p ro ce ss . A suitable dilution of the active solution  is  made so
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that a sm all quantity of activity  can be dried on a sta in less-stee l counting 
d isc . . This activity is  then m easured on a beta e le ctro sco p e . The rad io 
ch em ica l purity is  checked using a 512-channel analyser.

INSTITUTE OF NUCLEAR SCIENCE, 
NATIONAL TSING HUA UNIVERSITY, 

HSINCHU, TAIWAN, REPUBLIC OF CHINA

1. GENERAL

Sulphur-35 is prepared by the nuclear reaction 35 Cl(n, p )35 S. Potassium 
chloride is used as the target. After irradiation, potassium chloride is con
verted  to hydrogen ch loride  by passing through a cation exchange colum n. 
The hydrogen ch loride is  then rem oved by d istillation . Sulphur-35 is  ob
tained from  the residue by leaching with dilute h yd roch loric  acid.

EXPERIM ENTAL PROCEDURE
Irradiation
Target:

Irradiation container: 

Flux:
Irradiation time:

50 g of potassium  chloride purified by recrysta lliza 
tion tw ice.
The target is wrapped with aluminium foil, and placed 
in the aluminium can 4. 7 cm diam. X9 cm.
2 . 2 X 1012 n /cm 2s.
30 h.

Chem ical treatm ent
The irradiated  potassium  ch loride is  allowed to coo l fo r  about a week 

b e fore  ch em ica l p rocessin g . The target is d issolved  in 1 litre  of distilled 
water and the solution is passed through an ion exchange column. (4. 0 cm 
diam. X55 cm, Dowex 50 X12, 50 ~  100 mesh conditioned in H+ form . ) The 
column is washed with, an additional 200 m l of distilled water. The effluent 
is  then transferred  to the distillation unit to distil off the hydrogen chloride 
to dryness. After cooling, 100 m l of hydrogen peroxide (1 : 10) are added to 
the distillation flask and re -d istilled  to dryness again. One hundred m illilitres 
of distilled water are then added to the flask to leach out the sulphur-35 from  
the residue. The leaching solution is  then passed through an ion exchange 
colum n (1. 2 cm  diam . X 15 cm . Dowex 50 X12 conditioned in F e 3+ form ). 
The effluent is condensed to appropriate concentration for  use. About 80 mCi 
of sulphur-35 is obtained.

3. ASSAY AND QUALITY CONTROL

The ch em ica l analysis of the product is  ca rr ie d  out accord in g  to Oak 
R idge National L aboratory  M aster A nalytical Manual 90733811-5. The 
ch em ica l fo rm  of sulphur-35 is  determ ined by paper chrom atography.
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4. CHARACTERISTICS OF THE FINAL SOLUTION

C hem ical form : 
Concentration: 
S pecific activity: 
A cidity:
R adiochem ical purity:

SOJ in HCl solution. 
8. 7 m C i/m l. 
C a rr ie r -fre e .
0. 03 N.
> 99%.

NUCLEAR RESEARCH INSTITUTE,
&e 2 , CZECHOSLOVAK SOCIALIST REPUBLIC

1. GENERAL

The irradiated  potassium  ch loride target is  d isso lved  in dilute hydro
ch lor ic  acid and poured onto an alumina colum n where the 35S and 32P are 
adsorbed . Sulphur-35 is  then eluted with dilute am m onia and the cations 
are rem oved  on a cation  exchanger. The total y ield  is  in the range o f 8 0 -  
83%. The p ro ce ss  is  based on the Y ugoslav method [1 ]. This method has 
been used in C zechoslovakia  since 1959. The product, 35S-sulphuric acid, 
is  used fo r  the preparation  of 35S-com pounds. The reduction of sulphates 
is carried  out by a wet method using a reduction mixture prepared from  
stannous chloride and phosphoric acid [2] .

2. EXPERIMENTAL PROCEDURE 

Irradiation  

Target:

Irradiation container:
Irradiation  conditions:

Chem ical treatm ent

Two hundred gram s of the irradiated  target m ateria l are stored fo r  2 
months fo r  the 32P to decay and then d isso lved  in 3 litres  of 0. 5 N hydro
ch loric  acid, F ig. 1 (F lask A). This solution is transferred  into the re se r 
v o ir  (B) and then passed  through a chrom atographic colum n (C) filled  with 
20 g of alumina. The colum n is  washed with 1. 5 litre s  of d istilled  water. 
The 35S-sulphate fixed  on the alumina is eluted by 100 m l o f 0. 2 N solution 
of ammonia and this solution is  evaporated (evaporator D) almost to dryness. 
A fter dilution with 50 m l of 0. 01 N hydroch loric acid, cations are rem oved 
on an ion -exch a n ger colum n (E) (10 g D ow ex-50  in hydrogen  fo rm ). The

KC1 (R. G . ) dried at 140°C fo r  10 h, 200 g fo r  each 
irradiation.
Sealed aluminium container.
Irradiation  fo r  480 h (over a period  of 3 months) at 
a flux of 1X1013 n /cm 2 s; 200 g of the target w ill yield 
3-4 Ci.
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PRESSURE

A . Dissolving vessel for the irradiated target D .F . Evaporator
B. Reservoir E. Ion exchange colum n
C . Chromatographic colum n filled with alumina G . Storage vessel.

F IG .l. System for the routine production o f 35S

effluent is  evaporated to dryness (evaporator F). To destroy organic com 
pounds, 10 m l of 30% hydrogen peroxide (sulphate free ) are added and eva
porated. This operation is  repeated. The 35s-sulphate is  washed out with 
3 0 -5 0  m l o f d is t illed  w ater and tra n s fe r re d  into the s tora g e  v e s s e l  (G ).

The alumina is  prepared fo r  use in the follow ing manner. Alumina (for 
chrom atographic pu rposes) is  m ixed with w ater and sm all p a rtic les  are 
rem oved  by decantation. The rem aining la rg e r  p a rtic les  are washed 
successively  with 0 .5  N hydrochloric acid, water, 1 N ammonia, water, and
0. 5 N h ydroch loric acid. The slurry  of the alumina is  then poured onto the 
column.

A ll the p rocesses  are carried  out in a closed  apparatus which is placed 
in a P ersp ex -sh ie ld ed  box. T ra n s fer  of the solutions is done by vacuum. 
The evaporators  are heated with xylene (b .p . 1 4 0 - 143°C) to prevent 
overheating [3] ) .

3. ASSAY AND QUALITY CONTROL

The content of 32P in the product o f 35S-sulphate is  determ ined by the 
absorption  of beta rays in aluminium. The content of^S is  determ ined by
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liquid counting, the counting assem bly being calibrated with a standard solu
tion of 35S.

The 35S-standards are prepared by An counting. M etallic impurities are 
determined by spectroscop ic analysis, the sum of heavy metals is estimated 
by a sulphide test (Pharm acopoeia method).

4. CHARACTERISTICS OF THE FINAL SOLUTION

A solution  o f 35S -su lph u ric acid  in weak h y d roch lo r ic  acid  (pH 3 -4 ). 
R adioactive concentration : 80-120 m C i/m l. F o r  d ispensing diluted to

20 m C i/m l.
35S content 99. 9%, 32P content 0. 02%.
1 0 0 % .
Heavy m etals content below  the sensitiv ity  of 
sulphide test.
> 2 C i/m g  S.

R adioactive purity: 
R ad ioch em ica l purity: 
C hem ica l purity:

S pecific  activity :
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LU VEUKOVIC, S .R ., MILENKOVlC, S .M . , Proc. UN 2nd Int. Conf. PUAE 20 (1958) 45.
[2 ] cfF K A , J. , Int. J. appl. Rad. Isotopes 14 (1963) 174.
[3 ] ARROL, W.J. , AERE-I/R 748 (1951).

CENTRE D 'ETU DES NUCLEAIRES DE SACLAY, FRANCE

1. GENERAL

Sulphur-35 is form ed by the (n, p) reaction on a KC1 target, 35Cl(n, p)35S. 
The r e c o il  energy re lea sed  during the reaction  causes oxidation of the 
sulphur nucleus form ed [1] and dissolution of the KC1 target in water causes 
its hydration to H2SO4.

The separation between Cl” and SO4'  is carried  out by the Rupp method 
[2, 3] consisting of the fixation of all the potassium  on a cation exchange re 
sin. The H2S04-HC1 mixture thus obtained is separated by distillation. After 
elimination of all the HC1, the residue contains H235S04.

Irradiation of the targets in swim m ing-pool reactors in high fast-neutron 
fluxes leads to the form ation of 32P by the (n, a) reaction, 3TjCl(n, a )32P. The 
method has th ere fore  been subjected to a slight m odification  consisting  of 
separation of 32P mainly in the form  of H3PO4 by absorption on a fe rr ic  
hydroxide precipitate.

The advantage of this separation lies  in the fact that it is unnecessary to 
await the disappearance of 32P by decay.
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2. EXPERIMENTAL PROCEDURE

Irradiation

High purity potassium chloride powder (Johnson 
Matthey); impurity content less than 0. 1%.
Swimming pool reactors are preferred for the ir 
radiation, owing to their substantial fast neutron 
flux. Targets are usually irradiated for three months. 
Irradiation in MELUSINE: fast neutron flux of about

2 -4 X 1012 n /cm 2s. 
Irradiation in TRITON: fast neutron flux of about

2-4X 10 12 n /cm 2s. 
Irradiation in SILQE: fast neutron flux of about

7-8X1012 n /cm 2s.
The same type as that for the irradiation of Te0 2 , 
and the same dimensions.
35Cl(n, a)32p 
35Cl(n, y) 36 Cl 
31Cl(n, -y)38Cl.
F or a fast flux of 1013 n /cm 2s the formation of 35S 
per gram of KC1 target is given below:

Irradiation 35S activity 32P activity
(d) (m C i/g) (m Ci/g)

30 55 2

60 99 3.7

90 130 4 .8

saturation 261 9.6

Chemical treatment 

Chemical separation

A fter the KC1 target is  placed in a dissolving flask, 200 m l of'd istilled  
water are poured in, and bubbling is  caused in this solution by circulating 
a stream  of n itrogen. The bubbling is stopped when the pow der is  wholly 
d issolved . The solution is then transferred  to a co-precip itation  vesse l by 
means of a siphon connection.

Two m illilitres  of 110 vol. hydrogen peroxide, 3 drops of 4 N HC1 and
5 m l of the w ater used fo r  rinsing the piping are added and the solution is 
heated until boiling begins. It is left to coo l and 1. 5 ml of a 1% fe rr ic  nitrate 
solution are added. A fter stirring , a solution of 5 N soda is  added drop by 
drop until total p recip itation  o f Fe(O H ) 3 has occu rred . The solution is  
stirred , heated and filtered  by suction through a fritted glass up to a siphon 
connection. The precip ita te  is  washed with 3 portions o f 20 m l o f w ater.

Target:

Irradiation conditions:

Container:

Side reactions:

Activity produced:
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The solution and the washing water are collected  in a neutralization 
vesse l into which a solution of 4 N HCl is poured drop by drop until a neutral 
pH is  attained.

The solution is passed over two Dowex-50 columns. Each column is then 
washed with 1 litre of distilled water. The quantity of liquid is then reduced 
by boiling in a concentrator vessel.

The use of an evaporator enables the solution to be reduced alm ost to 
dryness (about 1 to 2 m l). One m illilitre  of 110 vol. hydrogen peroxide and 
1 m l of water are added three tim es, and each tim e they are evaporated al
m ost to dryness. Lastly, the solution is  made up with two portions of d is
tilled  water in order to yield  a final volum e of 100 m l.

A solution o f H235S 0 4 in a solution of HCl o f pH ~  2 is  thus obtained.

Apparatus (F igs . 1, 2)

This con sists  so le ly  o f  sm all laboratory  glassw are.
Evaporation vessel: this has a fritted glass in its low er part permitting 

both the passage  o f a n itrogen  stream  and the filtra t io n  o f the solu tion .
N eutralization and co -p rec ip ita tion  v e s s e ls : graduated every  10 m l; 

they are em ptied by introducing a fritted  g lass plunger linked to a siphon 
connection.

D ow ex-50  res in  colum ns -  made of g lass.
C oncentrator and evaporator; heated by an in fra -re d  heater.
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Y  -J
1. Dissolving vessel
2 . Precipitation vessel
3. Neutralization vessel
4 . Siphon connections with fritted plate m obile  plunger

FIG .2. 35S flowsheet

5. Dow ex-50 tesin columns
6. Concentrator vessel
7 . Evaporator vessel
8. Bottle for storage o f H 2 35 S 0 4

Investigation of ch em ica l fo rm s

Activity per unit volume and the absence of im purities are determined 
by radioactive m easurem ents. In particu lar the 32P content must be less  
than 0. 01%.

Determination of the dry extract, whose weight must not exceed 1 m g/m l. 
A 7 -spectrum  analysis to determine the absence of ^-em itting im purities.
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[2 ] RUPP, A .F . , "Large-scale production o f  radioisotopes”, 1st UN Int. Conf. PUAE 14 (1955) 68.
[3 ] de la GUERONNIERE, E., HENRY, R., CEA Report No. 858 (1958).

ATOMIC ENERGY ESTABLISHMENT TROM BAY, BOMBAY, INDIA

1. GENERAL

The irradiation of crystalline potassium  chloride in a reactor gives rise 
to 35S by (n, p) reaction  on 35C1. The other isotopes produced in the target 
are 32P, 42K, 36C1 and 38C1. A post-irradiation  cooling of one week ensures 
the com plete decay of the sh ort-lived  activities of 42K and 38 Cl. The 35S is 
separated by se lect iv e  adsorption  on an alumina colum n, from  which it is  
then eluted out with dilute am m onia solution. The cationic im purities like 
aluminium are then rem oved  by precip itation  as hydroxides.
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2. EXPERIM ENTAL PROCEDURE

Irradiation

Target:
In APSARA:

Target:
In APSARA:

In CIR:

60 g of reagent grade potassium  ch loride.
C ontainer type "A "  can (screw -ca p p ed  1 S alum inium  can of 
73 m m  height and 26. 5 m m  d ia m .).
F lux: 3 X 1012 n /c m 2 s.
Irradiation  p eriod : 3 m onths.

60 g of reagent grade potassium chloride.
Container type "A " can (screw -capped 1 S aluminium can of 
73 mm height and 26. 5 mm d iam .).
Flux: 3 X i 0 12 n /cm 2 s.
Irradiation period: 3 months.
Container type "C " can (cold-welded 2S aluminium can of 44mm 
height and 22 mm diam.).
Flux: 4-6 X 1013 n /cm 2s.
Irradiation period: 3 months.

Chemical treatm ent

The irrad iated  KC1 is  allowed to co o l fo r  one week and then it is  d is 
solved in 0. 1 N HC1. The solution is  passed down an alumina column (1 cm 2 
X 6 cm  length, in the chloride form , washed with 0. 1 M HC1) and the effluent 
is  co llected  and set aside fo r  3BC1 p rocess in g . The colum n is washed with 
100 m l of 0. 1 M HC1 follow ed by 100 m l of d istilled  water.

The 35S is then eluted with 25 m l of 1 M ammonia. To the eluate 1.5 ml 
of 9 M HC1 is added and the solution is evaporated to a small volume, allowed 
to coo l and filtered  through a fine sin tered -glass filter. The filtrate is eva
porated  to the point of d ryn ess. The residue is .trea ted  with strong n itric 
acid to destroy  amm onium ch loride. A fter evaporation, the m ixture is 
digested with strong HC1 and again evaporated to near dryness. Finally the 
35 S activity is  leached out with 0. 1 M HC1 solution.

F o r  the recovery  of 36C1, the effluent potassium  chloride solution from  
the alumina colum n is  d istilled  with the requisite amount of 6 M Hz SO4 
through a sm all rectifying column, and the 36C1 is recovered  as the ap
proxim ately 20% constant boiling HC1 solution.

3. ASSAY AND QUALITY CONTROL

(a) The activity is  assayed by using a liquid scintillation  counter having a 
known efficien cy .
(b) The absence of heavy metal impurities is confirm ed by the hydroxide and 
sulphide precipitation tests and also by spot tests.
(c) The radiochem ical purity is ascertained as follow s:

The aluminium absorption curve fo r  the test sample is compared with 
that of the standard.
Aliquots of the stock solution are taken. The 35S is precipitated as

398



BaS04, the 38C1 as AgCl and the precipitates are filtered and the fil—. 
trates are assayed for other activities, if any.

(d) The acidity is  determ ined by titration  against standard alkali.

4. CHARACTERISTICS OF THE FINAL SOLUTION

S pecific activity : C a rr ie r -fr e e .
C hem ical form : H235 S04 .
A cidity: 0. 1 M HC1.
R adiochem ica l purity: G reater than 99% as sulphate.
R adioactive concentration: l - 2 0 0  m C i/m l.

MINISTRY OF DEFENCE, ATOMIC ENERGY COMMISSION, 
SOREQ RESEARCH ESTABLISHMENT, YAVNE, ISRAEL

PRODUCTION OF 35S AS C AR R IE R -FR E E  H2 3SS04

1. GENERAL

Irradiation of KC1 produces 35S by the 35Cl(n, p )35S reaction. Other acti
vities produced are 32P, 36C1, 42K. The 35Sis adsorbed on activated alumina, 
together with the 32P which is present as phosphate. Chlorine and potassium 
are not adsorbed. The 36S is then eluted with a 0. 2 N NH4OH solution. The 
m ethod is  based on the p ro ce s s  developed  at the B oris  KidriC Institute in 
Yugoslaivia [1] .

2. EXPERIM EN TAL PROCEDURE 

Irradiation

The target m ateria l is  KC1 (AR) dried  overnight at 110°C. The target 
amount is 20 g, distributed in three s ilica  ampoules of approximately 12 cm 3 
each. The am poules are sealed , put into aluminium irrad ia tion  cans and 
irrad iated  fo r  100 h at a flux o f 2. 5 X 1 0 13 n /c m 2s in the Isra e l R esea rch  
R ea ctor  1, and allow ed to  decay fo r  1 week.

C hem ical trea tm en t

This is  done in a g lo v e -b o x  prov ided  with tongs.

P reparation

P repare two 1. 5 cm  high, 0. 6 cm  diam. alumina columns ( Fluka alu
mina, 100-200 m esh, activity 1, can be used).
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P ass 100 m l 1 N HC1 through each colum n. Wash with distilled  water. 
Pass 50 m l 1 N NH4OH. Wash with distilled water. Pass 100 ml 0. 5 N HC1. 

P repare a 0. 6 cm  'd ia m ., 5 -cm -lon g  Dow ex-50 (50-100 mesh) column. 
P ass 200 m l 3 N HC1 through a D ow ex-50 colum n. Adjust the pH with 

water.

P rocess in g

(a) T ran sfer  irradiated  sam ples to g love-box .
(b) Crush am poules under 50 m l water. Heat gently to d issolve.
(c) P ass solution  to beaker. R inse cru sh er with 10 m l w ater and add to 
beaker. Repeat rinsing.
(d) Add 67 m l o f 1 N HC1 to beaker and 0. 2 m g of phosphate ion.
(e) Pass solution through alumina column, at a flow -rate of up to 4 m l/m in .
(f) P ass 50 m l of 0. 5 N HC1, then wash tw ice with 100 m l H20  each tim e. 
E luates from  the last two steps go to waste.
(g) P ass 20 m l of 0. 2 N NH4OH.
(h) Take a sample from  the eluate. Check the 32P to 35S ratio. If nofurther 
purification is necessary , follow  steps (m) to (s) below. If further phos
phorus/sulphur separation is required:
(i) Add 28 m l 1 N HC1 to ammonia eluate.
(j) Pass through the second alumina column.
(k) Wash twice with 100 m l H2O.
(1) Pass 20 m l 0. 2 N NH4OH.
(m) R eceive into 25 m l of 0 .2  N HC1.
(n) Pass through a Dowex-50 column.
(o) Wash with 25 ml H2O. Take a sample fo r  calibration.
(p) Add 300 mg NaCl.
(q) Neutralize to pH 7.
(r) Dispense into bottles.
(s) Sterilize at 120°C fo r  one hour.

R E F E R E N C E

[1 ] MlLENKOVlC, S ., TEOFILOVSKY, C. , DISDAR, Z . , BIRZCANIN, Lj. , Bull. Inst. Nucl. Sciences Boris 
KidriS 12 258 (Oct. 1961) 89.

JAPAN ATOMIC ENERGY RESEARCH INSTITUTE, 
TOKAI, 1BARAK1, JAPAN

1. GENERAL

The production p rocess  fo r  35S is based on the irradiation of a potassium 
ch loride target. A fter irradiation , ion exchange treatm ent is  used to r e 
m ove the potassium  and phosphate ions.
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2. EXPERIM ENTAL PROCEDURE

Irradiation

T arget: 10 g KC1 (JISGR1).
Container: C old -w elded -type aluminium capsule.
F lux: ~ 2 X 1 0 13 n /c m 2s (R eactor JR R -2).
Irradiation  tim e: 130 h.
Side reaction s: F orm ation  o f 32P, 42 K, 38C1 and 36 Cl.

C hem ical treatm ent

The apparatus fo r  the production  is  shown in F igs. 1 and 2. 
Cut the aluminium capsule.

F IG .l. Apparatus .for the production o f  35 S

Place the irradiated target into the dissolving vessel (a), Fig. 2, then 
add 150 m l d istilled  w ater to d isso lv e  the target by gentle heating.

P ass the d issolved solution through the cation exchange resin (b) to re 
m ove K + ions.

Concentrate the effluent in the evaporator (c ) , then add hydrogen 
perox ide  to decom pose  the organ ic m ateria ls .

Pass the solution through the anion exchange resin  in the iron  form  (d) 
to rem ove POf" ions.

C oncentrate the effluent in the evaporator (e), then add hydrogen 
perox ide  to d ecom p ose  the organ ic m ateria ls .

1 Japan Industrial Standard Grade Reagent.

401

26



a. Dissolving vessel d . Cation exchange resin colum n o f Fe3+ form
b. Cation exchange resin colum n e . Evaporator 2
c .  Evaporator 1 f .  Bottles o f  product

! F IG .2. Arrangement o f apparatus for 35S production

Add 20 m l 0. I N  HC1 and w arm  gently.
Distribute the solution into the sam ple bottles with a rubber inner cap 

and aluminium outer cap.

3. ASSAY AND QUALITY CONTROL

The routine determ ination of total so lid s , non-volatile  m ateria ls and 
heavy m etals is ca rr ied  out by the follow ing procedu res: .
Total solid: Weighing after the evaporation and heating to 110°C

of 1 m l sample solution.
Non-volatile m aterials: Weighing after the evaporation and heating to 600°C

of 1 ml sample solution.
Heavy metals: ' Comparison of colour development with lead standard

by the addition of hydrogen sulphide.
Routine assay is ca rried  out with a 2ir P proportional counter, and the 

calibration  is  made by a 471-/3 counter.
The amount of ca rr ie r  in the product is made by the spectrophotom etric 

method by methylene blue.

4. CHARACTERISTICS OF THE FINAL SOLUTION

Chem ical form : H2SO4 in HC1 solution; acidity ~  0. 1 N.
Radiochem ical purity: Over 99%.
Specific activity: C a rr ier -free .
Concentration: > 1 . 0  m C i/m l.
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INSTITUTT FOR ATOMENERGI, KJELLER, NORWAY

1. GENERAL

Sulphur-35 is  produced by irradiating potassium  ch loride in a fast 
neutron flux, 35Cl(n, p )35S. The target m aterial is d issolved in water, and 
potassium  is rem oved by m eans of cation exchange resin . Any ex cess  of 
h ydroch loric acid produced during the ion exchange p rocess  is rem oved by 
evaporation.

2. EXPERIM ENTAL PROCEDURE 

Irradiation

Target: KC1, M erck, p. a.
Amount: 20 g.
Tim e of irradiation : 3 months.
Container: Aluminium can.
Flux: Fast neutron flux 1 - 2 X 1 0 11 n /cm 2 s.
Side reactions: 36 Cl(n, a) 32P (14. 2d) .

35 Cl(n, 7 ) 35C1 (3 X 10& yr).
37 Cl(n, 7 ) 33C1 (37. 3 min).
41 K(n, 7 )42K (12. 4 h).

The target is  stored  a few  days b e fore  p ro ce ss in g  to rem ove fore ign  
activity  due to  38C1 and 42K.

C hem ical trea tm en t

The irradiated potassium  chloride is dissolved in water and transferred 
to a colum n filled  with D ow ex-50 cation exchange resin . Sulphur-35 p re 
sent as SO;- (together with sm all amounts of 32P and 36 Cl), passes through, 
and the solution is  evaporated to dryness. The excess of hydrochloric acid, 
together with 3BC1 is then rem oved . A fter dissolution  in w ater 32P can be 
rem oved by passing the solution through a colum n packed with aluminium 
shavings.

3. ASSAY AND QUALITY CONTROL

Radioactivity: G eiger-M uller counting of samples evaporated on polyethylene 
fo ils .
Isotopic purity control, /3-absorption analysis, 7-spectrography. 
pH.
C hem ica l purity con tro l: em ission  spectrography, dry m atter content
(evaporation).
R ad ioch em ica l purity con tro l, radiochrom atography.
T ox ic ity  and pyrogen  con tro l, test on anim als.
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A ll products are su b ject to individual inspection  and approval by 
pharm aceutical personnel.

4. CHARACTERISTICS OF THE FINAL SOLUTION

SO -  sulphate in neutral solution.
R adioactive concentration : 10-15 m C i/m l.
Isotop ic purity: G reater than 99%.
S pecific activity : G reater than 100 m C i/m g  S.
pH: 5-7 .
T ota l so lid s : L ess  than 1 m g /m l.
C hem ical purity: M etals, sp ectrograph ica lly  determ ined, le ss

than 10 /ug/m l.

SSI -  sulphate in neutral isoton ic  solution, s terilized .
T ota l so lid s : About 10 m g /m l.
Other sp ecifica tion s  as fo r  SO.

INSTITUTE OF NUCLEAR RESEARCH, 
SWIERK NEAR OTWOCK, POLAND

1. GENERAL [1-15]

Sulphur-35 is  isolated from  an irradiated KC1 target. The isolation is 
carried  chrom atographically on two columns. The first is filled  with AI2O3 
and allows 35S and 32P to be separated from  Cl and 42K and the m ain part of 
KC1. The second column, filled  with a cation exchange resin , allows puri
fication  of the final product; on this column the rem aining K + and other 
m etallic im purities are separated. The overa ll yield  of the p rocess  is ap
proxim ately  85-97%. The final product g ives c a r r ie r - fr e e  sulphuric acid.

2. EXPERIM ENTAL PROCEDURE

Irradiation

Target:
Flux:
T im e of irradiation : 
Container:
A ctivity obtained:

20 g KC1, analytical grade.
2 X 1013 n /c m 2s.
6 weeks (reactor  working 86 h /w eek  at fu ll power). 
Aluminium capsule closed  by welding.
500 m Ci 35s.

C hem ical treatm ent

Twenty gram s of irradiated  KC1 target are d issolved  in 0. 1 N HC1 to 
obtain 1 N solution in respect to KC1. This solution is introduced to an AI2O3
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column (diam . 9 mm , length 100 mm, containing 3. 5 g A I2O 3) at a rate of 
1 m l/m in . The column is then washed with 10 m l of deionized water. This 
volume of water allows potassium  to be rem oved from  the column. The 
column is then washed with 15 ml of NH4OH solution, pH 11.0 and with 10 ml 
of deionized water. A fraction of between 1/6 and 1/12 ml eluate is collected. 
This fraction  contains p ractica lly  the whole amonnt of sulphur (in the form  
of 35S 04) and K + ( 0 . 4 9 - 0 . 7 0  m g /m l). The fraction  is introduced to an 
A m berlite IR 120 colum n H+ form , 9 mm diam ., 10 cm  long, flow -rate  
1 m l/m in . Then the column is washed with 10 ml of deionized water and the 
whole eluate is transferred to a flask equipped with a reflux condenser. One 
m illilitre  of 10% H2O2 is added and the mixture is refluxed for 2 h to destroy 
traces of organic substances eluted from  the column. After cooling the solu
tion is tran sferred  to a v esse l equipped with a dosing pipette. The product 
gives H235S 0 4 in h ydroch loric acid, pH 2-3.

3. ASSAY AND QUALITY CONTROL

The activity  is  m easured  in a w ell-type  scin tilla tion  counter N. S. T. 
against a standard prepared by 4tt counting. The chem ical purity is checked 
spectrally and, fo r  K, by flame photometry.

The radiation purity is checked by beta and gamma spectrom etry.

4. CHARACTERISTICS OF THE FINAL-SOLUTION

Specific activity: 20 m C i/m l.
Radiation purity: 99. 9%.
Impurities: As, Pb 5 /ug/ml.

R E F E R E N C E S
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[3 ] VEUKOVlC, S. R. , MILENKOVl£, S, M. , "Concentration o f carrier-free radioisotopes by adsorption 
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[4 ] DESHPANDE, R. G. , I. Chromatogr. 1 (1959) U 7.
[5 ] KUCHARSKI, M. , PLEJEWSKI, R. , Kernenergie 4 (1961) 445.
[6 ] PLEJEWSKI, R. , KUCHARSKI. M. , Kernenergie 7 (1964) 38.
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INSTITUTE OF ATOMIC PHYSICS, BUCHAREST, ROMANIA

PRODUCTION OF C AR R IE R -FR E E  35S IN THE FO R M  OF SO

1. GENERAL

The production of 35S is  based on the (n, p) reaction  of the KC1 target. 
Radiosulphur in the fo rm  of bisulphate is  absorbed over 99% on an alumina 
colum n. F inally 35S is eluted with ammonia 1 M.

2. EXPERIM ENTAL PROCEDURE [1-3] (F ig. 1)

F IG .l. Cell for 35S separation
Irradiation

Target: KC1 p. a. The amount depends on the request.
Flux: 1X1013 n /cm '2s.
T im e of irradiation: 400 h.
Container: Aluminium cans.
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Chemical treatment

After irradiation the target is dissolved in distilled water and is acidified 
with h ydroch loric acid, HC1 0. 5 M. It is then passed through an activated 
acid alum ina-colum n at the standard speed of 12 cm 3/ c m z min.

After the column is washed with distilled  water, 35 S is eluted with am
m oniac 1 M.

F or  the production of H235S0 4 , the am m oniacal solution is neutralized 
with HC1 to obtain a pH of about 1 and passed through an A m berlite IR. 120 
column. F or the production of alkaline sulphates the solution eluted is 
neutralized with alkaline hydroxides.

F or the production of N a235S, Na235SC>4 is reduced with a m ixture of 
H3PO4 and SnCl2.

3. ASSAY AND QUALITY CONTROL

R a d ioch em ica l purity  is  con tro lled  by paper rad ioch rom atograp h y .

4. CH ARACTERISTICS OF THE FIN A L SOLUTION 

P rep a red  to  o rd er .

PRO D U CTIO N  O F E L E M E N T A R Y  35S

1. GENERAL

The production of elem entary 35S is  based on the (n, p) reaction  of 
chlorine targets. The separation of 35S is carried  out by trichloroethylene 
extraction.

2. EXPERIMENTAL PROCEDURE [4]

Irradiation

Target:
Flux:
T im e of irradiation:
Container:

Chem ical treatm ent

After irradiation the target of KC1 is heated for 4 h at 500°C. The target 
is then refluxed with trichloroethylene for 6 h in a Soxhlet apparatus.

32P is rem oved by washing the trichloroethylene solution with HC1 0.1 N.

KC1 dried and degassed.
1 X 10 13 n /cm 2 s.
400 h.
Quartz ampoule sealed in vacuum.
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The radiochem ical purity is controlled by paper radiochrom atography.

3. ASSAY AND QUALITY CONTROL

4. CHARACTERISTICS OF THE FINAL SOLUTION 

P repared to order.

R E F E R E N C E S

[1 ] VELJKOVlC, S.R. , MILENKOVIff, S.M. , "Concentration o f  carrier-free radioisotopes by adsorption on 
alumina", Proc. 2nd UN Int. Conf. PUAE 20 (1958) 45.

L2] BEBE§EL, P. , CHIOTAN, C. , RENTEA, C. , Rev. Chim. 11 (1963).
[3 ] CfFKA, I . ,  Int. J. appl. Rad. Isotopes 13 3 (1963).
[4 ] CHIOTAN, C. , ZAMFIR, I. , SZABO, M. , Rev. Roumaine de Chim. T -9  3 (1964) 191.

JUNTA DE ENERGIA NUCLEAR, MADRID, SPAIN

1. GENERAL

The production p rocess  of 35S is based on the irradiation of a potassium 
chloride target and co-precipitation on barium chromate. C arrier-free 35SC>2 
is then distilled in the presence of phosphoric acid and powdered copper [1 ].

2. EXPERIMENTAL PROCEDURE 

Irradiation

Target: 60 g potassium  chloride, of analytical-grade quality.
Container: Leak-tight aluminium container, 24X26 mm diam.
Flux: 5X 10U n /cm 2s (JEN-1).
Irradiation tim e: Depends on requirem ents; at least 8 weeks; possible yield

is 250 mCi.

Chem ical treatm ent

Separation method

The 32S is co-precip itated  from  the irradiated potassium  chloride, then 
35SO2 is distilled. The apparatus for the production of 35S is shown in Figs. 1 
and la . The process com prises the following steps.

D issolve 30 g irradiated KC1 in 150 m l of distilled water in the vessel (A). 
The solution  is  heated with the ep irad iators  E P -1  and E P -2 , while a ir  is  
in jected  under p ressu re  through the filte r  (P ) to stir  the solution.
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F IG .la . Apparatus for the production o f  S5S
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Add 5 g BaCl2 and 0. 3 ml 5% K 2O O 4 aqueous solution while the solution 
is  still being stirred . Heat the solution fo r  15 min, then allow to coo l fo r  
45 m in. F ilter  the solution under vacuum.

Wash the precip itate three tim es with 50 m l 96% ethyl alcohol. Apply 
vacuum  fo r  15 min to rem ove alcohol.

Replace the co lle cto r  (B) by an identical fresh , clean and dry co llector. 
The BaCrC>4 precipitate is washed with 10 ml of a warm 3 N K2Cr03 solution, 
applying com p ressed  a ir  fo r  the stirrin g . F ilte r  the solution after 5 min 
under vacuum, and wash the precipitate with 20 ml distilled water. Repeat 
this operation three tim es. The solution, with a final volum e of 90 ml, is 
s low ly  decanted in to the fla sk  (C) w hich contains the red u cin g  m ixtu re .

Preparation of the reducing mixture. B efore the above solution is added, 
15 m l of phosphoric acid (85%) and 5 g of powdered copper are heated in the 
flask  (C) until the fum es of phosphorous pentoxide appear.

Heat the flask (C) containing the reducing mixture and 90 ml of the active 
solution to expel som e of the water and all o f the CC2- Flask (C) is then con
nected to the c o lle c to r  (F ), and the d istilla tion  is  continued under a weak 
nitrogen stream ; 20 m l of 1% hydrogen peroxide are placed in the co llector  
(F). When the fuming of phosphorous pentoxide begins in the flask (C), stop 
heating, but continue the nitrogen stream  until com plete cooling of the flask 
is reached.

Any excess of hydrogen peroxide present in the solution in the co llector  (F) 
is  rem oved by boiling. Add hydrochloric acid to bring the solution to 0. 1 N.

If 35S is  co llected  in the form  of sulphite, 20 m l 1 N NaOH are placed 
in the co lle c to r  (F).

If an isotonic solution of pH 7 is desired, the hydrochloric acid solution 
is  neutralized with a suitable buffer such as that used for 32P.

Apparatus

The operation is carried  out in an ordinary glove box where the equip
ment shown in F igs. 1 and la  is contained.

3. ASSAY AND QUALITY CONTROL

D eterm ination of ch em ica l purity is  made by em ission  spectrography 
as in the case of 32P preparations. R adioactive purity is a lso  determ ined 
as fo r  32P. The ch em ica l fo rm  of the product is  determ ined by e le c t r o 
p h ores is  [2] by the technique d escrib ed  in the section  on 32P .i A utoradio
graphy o f the paper sub jected  to e le c tro p h o re s is  is  p erform ed  by the 
D uncom be.technique [3] .

M easurem ent of activity is  made by com parison  with standards. F or  
a product of re la tive ly  high activity, the ion ization  cham ber d escr ib ed  in 
the section  on ^  1 is used. F or activities of less than 1 mCi a liquid scin
tillation  counter, an ionization cham ber or a G eiger-M u ller counter (in the 
gaseous phase) is employed. The latter two methods are used more frequent

' Provided by the Junta de Energfa Nuclear, Madrid.
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ly fo r  labelled compounds. An e rro r  of le ss  than 10% in the activity m easure
ments is allowed.

4. CHARACTERISTICS OF THE FINAL SOLUTION

•35S- Sulphuric acid solution, c a r r ie r - fr e e , non-injectable

Sulphuric acid solution in 0. 1 N HC1 meeting the following specifications:
Chem ical purity:

Radioactive purity: 
Radiochem ical purity: 
Radioactive concentration:

The results of a typical analysis are: Elements 
not detected (sensitivity 0. 2 /jg /m l): As, Cd,
Cr, Fe, La, Mn, Ni, Pb, Sn and Te.
Elements with a concentration of less  thanl/ug/m l: 
Al, B, Si.
Ditto between 0. 5 and 10 jug/ml: Mg.
Ditto between 4 and 20 /ug/ml: Ca.
Dry residue: less  than 0. 5 m g/m l.
35S content > 99. 5%.
Sulphuric acid content > 99%.
Maximum 25 m C i/m l.

Sodium sulphate -  35S solution, injectable

N eutral (pH V), isoton ic, sterile  and p y rog en -free  solution of sodium  
sulphate m eeting the follow ing specifica tion s:
C hem ical purity: 
R adioactive purity: 
R adiochem ica l purity: 
R adioactive concentration: 
Sterility:

A nalysis of pyrogens: 
Isotonicity :

See above.
35S content >99 . 5%.
Sulphate content > 99%.
1-10 m C i/m l.
Sterilization  is  ca rr ied  out in an autoclave at 
120° C fo r  about 1 h.
See the Section on 32 P .1
Adjusted by m eans of conductim etric m easu re
m ents.

PATENT 

Sulphur-3 5

Spanish patent No. 278. 692: ORTEGA, J. , Technique fo r  the preparation of 
c a r r ie r - fr e e  radioactive sulphate and sulphite ( 35S).

R E F E R E N C E S

[1 ] ORTEGA, J. , NUNEZ, S. , Int. J. appl. Rad. Isotopes U> (1964) 43.
[2 ] DEL VAL, M. , CARNICERO, I. , ORTIN, N. , GAMBOA, J. M. , An. Soc. esp. Fl's. Qufm. 59B (1963) 755.
[3 ] DUNCOMBE, W. G. , Rev. sci. Inst. , 19 (1948) 441.
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OAK RIDGE NATIONAL LABORATORY,
TENN. , UNITED STATES OF AMERICA

1. GENERAL

Sulphur-35 is produced by the (n, p) reaction in a KC1 target, 35Cl(n,p)35S. 
R adioisotopes of potassium  and chlorine are a lso  produced in the target by 
the (n, y) reaction , and are rem oved by ion exchange and distillation. P ro 
cessed  ca rr ie r -fre e  or h igh -specific-activity  35S is prepared as either H2S04 
in HCl solution, BaS in Ba(OH)2 solution, or as elementary sulphur in benzene.

2. EXPERIMENTAL PROCEDURE 
Irradiation

Target: KC1.

Chem ical treatm ent 
Apparatus

G lass d istilla tion  equipment (2 to 3 litr e s ), an ion exchange colum n, 
tube furnace assem bly , and con version  equipment (F igs . 1 -4 ) are used in 
p rocess in g . P ro ce s s in g  fa cility  and sh ielding requ ired : hot hood.

F IG .l. Glass distillation equipment with reflux condenser



F IG .2 . Tube furnace assem bly with scrubber

PINCH CLAMPS

COM PRESSION F ITT IN G

PRODUCT AM PULE GAS -F L O W  CONTROL

FIG.3. Sulphur-35 bariuin-sulphide conversion equipment 

P ro ce ss in g  o f 35S fo r  H2 SO4 fo rm

The irradiated target is dissolved in 200 ml of distilled water and diluted 
to 1 litre . An ion exchange column is prepared with Am berlite IR-120 resin 
by washing the colum n with 6 M HC1 follow ed by a water wash until the 
column effluent is neutral. The column should contain ~  50% excess ca
pacity. The KC1-H20  solution is  tran sferred  into the head flask  and the
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colum n flow  rate is  adjusted to ~1 m l/m in . Potassium  ions rem ain on the 
column; 36C1 and 35S pass through the column as H2S04 and HC1. The column 
is washed with 1 litre  of water to ensure com plete rem oval of 3BC1 and 35S. 
Effluents are distilled , and d istillates d iscarded until HC1 appears (in d is
tilla te ). The rem ova l of HC1 is  determ ined by testing with litm us paper. 
A fter acid appears in d istillate, distillation  is  continued until no m ore than
0. 5 m l rem ains in the flask. Rem oval of the last traces of HC1 without loss 
o fH 2S04 is  accom plished in this step. The flask, th erefore , is  not perm itted 
to becom e dry. Sulphur is recovered  from  the distillation residue after the 
rem oval of 36C1. About 10 m l of 16 M HN03 is added to the boiling solution. 
This step is repeated three tim es to rem ove organic m aterial. About 10 ml 
of 12 M HC1 is added and fum ed. This step is  repeated three tim es to r e 
move nitric acid. As a final step, the volume is adjusted to 50 ml with water.

P rocessing of 35S for BaS form

Tw o cu ries  o f 35S as H2S 0 4 in HC1 are treated with B aC l2 solution to 
yield BaS04 . Barium sulphate is filtered  on a fine filter paper and washed 
with w ater. The filtra te  is  d iscarded . The filte r  paper containing p r e c i
pitate is placed in a platinum boat and heated in a quartz tube under a stream 
of hydrogen fo r  ~16 h at red heat. This step converts BaSC>4 to BaS. The 
platinum boat containing BaS is  tra n sferred  to a gas-gen eration  flask  and 
sufficient concentrated H3P 04 is added to cover the boat. The H2S generated 
is  swept from  the flask  with a stream  of nitrogen at a flow -ra te  of ~ 1  cm 3/m in  
into a scrubber containing Ba(OH) 2 solution. The system  is protected from  
air at all tim es to prevent conversion  of the sulphide to sulphate or form a
tion of B aC 0 3 in the scrubber solution. When H2S generation is com plete, 
as shown by the cessation of bubbles from  the platinum boat, the gas genera
tor is swept with nitrogen for  an additional hour and the scrubber system is 
valved off. The solution in the scrubber is  held as a storage container for 
the 35S product, which is eventually packaged in sealed ampoules evacuated 
and filled  under nitrogen atm osphere.
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P rocess in g  of 35S fo r  elem entary sulphur product 

Y ield: 80%
Barium sulphide is loaded into a reaction flask and enough concentrated 

H 3PO 4 is  added to the reaction  flask  to cov er  it. The flask  is swept with 
helium  at a flow -ra te  of ~  1 cm 3 /m in . The H 2S generated is  tran sferred  
to a cold  trap maintained at a liqu id -n itrogen  tem perature, where the H2 S 
is  co llected . The reaction  flask  is valved off at the com pletion of the H2 S 
generation, and the cold trap isolated. The H2S gas rece iver  and warm trap 
are evacuated to re lea se  H 2S to the gas r e ce iv e r . The residu a l H20  and 
H3PO4 rem ain in the trap. H ydrogen sulphide is  re cy c led .

(Conversion to elem entary sulphur is made by decom position of the H2S 
in a glow discharge form ed between two platinum electrodes in a low -p ressu re  
chamber. A Tesla co il is used as a high-voltage power supply. The chamber 
is  maintained at low pressure by pumping with a high vacuum pump. A cold 
trap is  installed between the pump and cham ber to re co v e r  H2S that is  not 
decom posed in the arc cham ber. Elem entary sulphur co llects  on the sides 
of the arc chamber and on the electrodes. Hydrogen sulphide gas collected in 
the cold trap between the cham ber and pump is recycled  back to the gas re 
ce iver  by evacuating the re ce iv er  and warm ing the cold trap. )

The re cy c le  is  repeated until all the H2S is decom posed to elem entary 
sulphur. Elementary sulphur is washed from  the arc chamber and electrodes 
with warm benzene and transferred to a product bottle.

3. ASSAY AND QUALITY CONTROL

Samples are analysed fo r  total solids, m olarity of HC1, radiochem ical 
purity, 35 S concentration, nonsulphide sulphur, and molarity of Ba(OH)2, ac
cording to ORNL M aster Analytical Manual (TID-7 015) procedure No. 9 0733811.

The precision  and accuracy of the 35 S assay are:
Calibration by 47r fi-y  coincidence counter.
Routine assay by liquid scintillation counter.
Estim ated lim it of e r r o r  in d isintegration -rate concentration of routine 
shipment, 10%.
P recis ion , 3%.

4. CHARACTERISTICS OF THE FINAL SOLUTION

P ro ce sse d  35S in various form s is delivered  as stock  item s, and the 
sp ecifica tion s of in terest are:

C hem ical fo rm : Ho SO4 in HC1 solution.
A cid ity : ~  0. 1 N.
C oncentration: > 1 m C i/m l.
Total so lid s : < 1 m g /m C i.
S pecific  activity: C a r r ie r -fr e e .
R ad ioch em ica l purity: > 99%.
3 2 p ; <  0. 1%.
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C hem ical fo rm : BaS in Ba(OH)2 solution.
B asicity : ~  0. 15 N.
Concentration: > 5 m C i/m l.
Specific activity : = 10 000 m C i/g  of S.
R adioch em ica l purity: > 99%.
32 P : N egligible.
Nonsulphide S: < 30%.

C hem ical fo rm : E lem entary sulphur in benzene solution.
C oncentration: > 2 m C i/m l.
Specific activity : > 1000 m C i/g  of S.
R adioch em ica l purity: > 99%.

BORIS KIDRIC INSTITUTE OF NUCLEAR SCIENCES, 
■VINCA, YUGOSLAVIA

C AR R IE R -FR E E  SULPHUR-35

1. GENERAL

A new p rocedu re  fo r  the production  o f c a r r ie r - fr e e  35S has been de
veloped [1, 2 ], The method is based on the separation of 35S, 32P and 36C1 
on alumina from  irradiated  KC1, 3bCl(n, p )35S reaction. AI2O3 has proved 
to be very  suitable fo r  the separation of 35S of high sp ec ific  activity. The 
method has the fo llow ing  advantages: sm all amounts of the adsorbent are 
required; work is possible with highly concentrated solutions; volumes of the 
solutions are sm all, so the tim e required fo r  treating the irradiated target 
is also short, not longer than 2 or 3 hours; considerable changes of the work
ing conditions do not affect the yield, nor the chem ical and the radiochemical 
purities; as distinct from  som e other procedu res, work is carried  out only 
with two phases, avoidingthe gaseous phase; high chem ical and radiochem ical 
purity of the product is achieved.

2. EXPERIMENTAL PROCEDURE 

Irradiation

Irradiations are made under the following conditions:
Target: 20 g reagent-grade KC1 in tablet form . The form a

tion of isotopes 32P and 36C1 by the reactions;
35Cl(n, a )32P and 35Cl(n,7 ) 36Cl should be noted. Other 
isotopes form ed: 42K and 38C1 are practically allowed 
to decay by cooling the irradiated sample for 7-10 d. 

Fast flux: About 1-2X 1012 n /cm 2 s (R A reactor, VinCa).
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Irradiation tim e: 4-5 d.
Irradiation containers: Cylindrical, aluminium cans with screwed covers: 

internal length -  70 mm; internal diam. -  25 mm.

Chem ical treatm ent

Separation method

A solution of irradiated KC1 in 0. 5 N HC1 is passed through an acid acti
vated alumina column on which only 35S, 32P and part of 36C1 are adsorbed. 
The colum n is  then washed with 0 . 5 N  HC1 to rem ove 36C1 by isotop ic  ex
change; 3SS is eluted from  the column with 0. 2 N NH4OH, the eluent acidified 
with 0. 2 N HC1 and finally allowed to pass through a cation-exchange column 
to rem ove NH4 and som e other im purities from  the solution. By this p ro 
cedure H2^ S O 4 in a 0. 05 N solution of HC1 is obtained. The high selectivity 
o f alumina makes possib le  the separation of curie activities of s^S from  ir 
radiated KC1 with radiochem ical purity better than 99. 9% [3] .

Apparatus

The procedure is  ca rried  out in an apparatus made of P yrex  glass 
(F ig. 1). The reduced pressu re  required in the apparatus is  maintained by

VAC. VAC.

A Flask for potassium chloride dissolution
B .F .D .I Vessels for solution transfer
C A12O j colum n
G Dow ex-50 colum n
J Burette
0 ,N Vacuum systems
K ,L ,M Vessels for reagent addition
E Vessel for effluents from A120 3 column
H Vessel for effluents from D ow ex-50 column

F IG .l. Apparatus for the production o f  carrier-free 35S

4 1 7
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a sm all diaphragm  pump. F ilte rs  of activated carbon  and sod a -lim e  are 
placed between the apparatus and the pump. The apparatus is connected to 
the diaphragm pump over a manostat.

A reduced pressu re  of about 15 cm H g fo r  liquid transfer is maintained 
in system  O. System N is used fo r  maintaining a constant reduced pressure 
in the apparatus (about 10 m m lfcO ). The apparatus is placed in a protective 
box made of 10-m m -th ick  P lex ig la ss . During w ork a reduced pressu re  of 
about 20 m m H 20  is maintained in this box. This is achieved by a tornado- 
type asp irator. The ventilation system  of the box is connected over an ab
solute filter  to the main ventilation system .

3. ASSAY AND QUALITY CONTROL

Radioactive m easurem ent of the solution.
Radioactive con trol -  check the absenee of /3 and 7  im purities.
C hem ical purity control.
Radiochem ical purity control. Only if the m aterial is used for  medical purposes.

4. CHARACTERISTICS OF THE FINAL SOLUTION

R eference: Y V S35/lx  -  35S sulphuric acid solution, ca rr ie r -free , 
non-injectable

A solution of sulphuric acid  H 235S04 in about 0. 05 N HC1, m eeting the 
follow ing specifications:
R adioactive concentration: M easured to within 10%: 40 m C i/m l.
R adioactive purity: 35 S content m ore than 99. 9%.
R adiochem ical purity: Sulphuric acid  content m ore than 99. 9%.
S pecific activity: 1 C i/m g  S.
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YTTRIUM-90

NUCLEAR DATA

1. NUCLEAR PROPERTIES

1 .1 . H a lf-life  

64.3 h

1. 2. Type o f  decay and en ergy  (M eV)

Pure beta em itter 
beta (j3-) 2. 27 (100%)

1-. 3. D ecay  sch em e

2. NUCLEAR REACTIONS AND PRODUCTION

Reaction
Abundance 

o f  target 
nuclide

Cross-
section
(barn)

A ctiv ity per g o f  elem ent 
at 1012 n /cm 2 s 

(m C i) Side reactions

24 h 7 d saturation

89Y (n ,y )90Y ' 100% 1 .3 53 192 230 None

For nuclear data see [1 ] .

90 Y can also be produced via 90Sr by uranium fission : U (n ,f)—»90S r — » 90Y.
^8 yi

F ission  yield: 5.9% .

3. APPLICATIONS

Y ttrium -90 has found application in solutions, suspensions and in solid  
form . A b r ie f survey o f published applications is  given below .
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3. 1. Medicine

Y ttr iu m -90 is  w idely  used in m ed ica l app lica tion s, m ostly  as seed s 
o r  rods o f yttrium  oxide, Y2O 3, as c a r r ie r - fr e e  solutions in n itr ic , c itr ic  
o r  h y d ro ch lo r ic  a cid  o r  in  c o llo id a l su sp en sion s  [2 -1 0 , 1 7 -2 5 , 31, 38] .

3. 2. B io lo g ica l r e s e a r c h  [11, 12, 16, 26] .

3: 3. T r a c e r  app lica tions [15] .

3. 4. R ad iography [  13, 14] .

4. RAD IO LO G ICAL PRO TE C TIO N

4 .1 .  E x tern a l radiation

Y ttrium -90 is a pure /3-em itter. The maximum range o f the 2 .27  MeV 
/3-ray is  about 1100 m g /c m 2 . The thickness o f shielding requ ired  to stop 
the /3-radiation com pletely is : copper 1.3 m m , Pyrex glass 5 m m . Perspex
9 mm o r  water 11 m m . Some rem ote-handling equipment, e .g . short tongs 
o r  fo r ce p s , should be used alw ays, even fo r  handling sm all a ctiv ities , to 
avoid high lo ca l /3 d oses .

Brem sstrahlung are form ed in the shielding m aterial from  the retarda
tion o f /3 -particles. The brem sstrahlung becom e significant when handling 
large amounts (m ore than 100 mCi) of yttrium -90. The necessary lead shield 
thickness to reduce the 90 Y brem sstrahlung by a factor of 10 is about 2. 1 cm 
[41] .

4. 2. Internal radiation

Y ttr iu m -90, together with its "parent" isotope stron tium -90, has been 
c la ss ified  as a c la ss  1, very  high toxicity  nuclide [36] . Y ttr iu m -90 alone, 
arising from  therm al neutron irradiation  o f yttrium  oxide, has not been in
cluded in the C la ss ifica tion  L is t  in [36]; [42] c la s s if ie s  y ttr iu m -90 in the 
m edium  tox ic ity  group, low er  su b -grou p  B .

The b io log ica l excre tion  o f y ttr iu m -90 is  too slow , 38. 3 y r  [40] to be 
sign ificant com pared  to the radioactive  decay.

4 .3 . D econtam ination

The radionuclide y ttrium -90 represents no special decontamination prob
lem . It is  e ffective ly  rem oved  from  working su rfa ces , benches, etc . with 
dilute m ineral acid (~ 0.002_N) o r  detergent solutions. Detailed instructions 
fo r  decontamination of personnel, equipment and working surfaces are given 
in [36] .
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5. SUMMARY OF PRODUCTION METHODS

5. 1. Irradiation o f  yttrium  compounds

The usual target m ateria l fo r  90Y production is  Y20 3. F o r  the p re 
paration o f YC1 solutions the irradiated oxide is  d issolved  in hydrochloric 
acid  and converted  to the ch loride . E xcess  o f acid is  evaporated, and the 
residual ch loride  is  taken up in d istilled  w ater.

Yttrium  oxide o r  hydroxide pellets, seeds, rods, etc. are pressed  and 
sintered beforehand and irradiated in that form  fo r  use.

C olloida l form s o f the isotope m ay be prepared  from  yttrium  ch loride  
solutions [26, 37] .

5 .2 . P reparation  from  s tron tiu m -90

S tron tiu m -90 is  separated from  fiss ion  products and y ttr iu m -90, the 
"daughter" iso top e , is  form ed  by d e c a y ;  9oy can  be separated  fro m  the 
"parent" isotope by precip itation  o f the Sr from  a n itric acid solution [28,31, 
32] . The yttrium  is re cov ered  from  the filtrate .

Other m ethods fo r  the separation o f Sr and Y  are chrom atography and 
e le c tro ly s is  [31 ,32 ] . A s o -ca lle d  "co w " system  is prepared  by fixing the 
strontium  ions to a cation exchange resin  bed and eluting this with a solu 
tion which se lect iv e ly  re lea ses  the yttrium  ions produced by decay [33, 35],

6. RADIOASSAY

See section  6 o f P art I.
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PROCEDURES

ATOMIC ENERGY ESTABLISHMENT, TROM BAY, BOMBAY, INDIA

1. GENERAL

Y ttr iu m -90 is  produced by the neutron irrad ia tion  o f pure Y 20 3, and 
is  supplied in the fo rm  o f y ttrium  ch lor id e  in h y d roch lo r ic  a cid  so lu tion . 
C a rr ie r -fr e e  soy Can be separated from  its parent 9°Sr, which is extracted 
from  fiss ion  products.

2. EXPERIM ENTAL PROCEDURE 

Irradiation  

Target:

Flux:
Irradiation period

Chem ical treatm ent

A fter  irrad ia tion , the can is  opened and the yttrium  oxide pow der is  
tranferred into a two-necked 250-m l flask. E xcess o f 2-3 hydrochloric acid 
is  added and the contents o f  the flask  are bo iled  t ill com plete  d isso lu tion  
o f  the oxide; the ex cess  acid  is  d istilled  o ff. A fter  coo lin g , the 90Y  a c 
tivity is leached out with dilute hydrochloric acid and transferred into a stock 
bottle.

Spec-pure Y20 3. 25-50 mg in type C can (cold-welded
2 S aluminium can, 44 mm high and 22 mm d ia m .)
IX 1013 n /cm2 s .

: 1 week.

3. ASSAY AND QUALITY CONTROL

Activity assay is done by absolute beta counting.
R adiochem ical purity is  determ ined by taking a beta absorption  sp e c 

trum  in aluminium and finding out the range o f the beta p a rtic les .

4. CHARACTERISTICS OF THE FINAL SOLUTION

S pecific activity: 1-2 C i/g .
C hem ical form : YC13 in HCl solution.
R adioactive concentration: > 10 m C i/m l. 
R adioactive purity: > 99%.
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JAPAN ATOMIC ENERGY RESEARCH INSTITUTE, 
TOKAI, IBARAKI, JAPAN

1. GENERAL

The production p rocess  is  based on the irrad iation  o f yttrium  oxide 
target and dissolution  in hydroch loric  acid.

2. EXPERIM ENTAL PROCEDURE 

Irradiation

T arget: 4 .0  g Johnson Matthey sp e c -p u re  yttrium  oxide (Y2O3)
fo r  JR R -1 ;
1. 0 g fo r  JR R -2 .

Container: P laced in the polyethylene bottle, then in the polyethylene
capsule.

Flux: ~  3 X lOH n /cm 2 s (JR R-1).
~ 2  X 1013 n /cm 2 s (JR R-2).

Irradiation time: 10 h (5 h x  2 d) fo r  JR R-1;
20 min fo r  JR R -2.

Chem ical treatm ent '•

The irrad iated  target is  d isso lved  in  6 N HCl by heating, evaporated 
to dryness, then red issolved  in 1 N HCl. The apparatus is shown in F ig. 1.

A . Electric polyethylene capsule cutter
B. Dissolving vessel
C . Reagent feed pipes
E. Remote pipetter for dispensing
F. Turret o f  bottles

©

F IG .l. Arrangement o f the apparatus for 90Y production

Cut the inner capsule by the e lectr ic  cutter (a).
P lace the target in the d issolving v esse l (b), add 5 m l 6 N HCl, fix  the 

cap, d issolve by heating, and evaporate to dryness.
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Add the follow ing reagent to red isso lve  the residue:
10 m l 1 N HC]/g Of Y 20 3 fo r  irradiation  in JRK- 1.
20 m l 1 N H C l/g  o f Y 20 3 fo r  irradiation  in JR R -2.

The product solution is dispensed in the sam ple bottles.

3. ASSAY AND QUALITY CONTROL

The routine assay is  ca rr ie d  outwitha27r |3 ion ization  cham ber. The 
ca libration  is  made with a Air -j3 counter. The heavy m etal content is  deter
mined by com parison  o f the co lou r developm ent with a lead standard by the 
addition o f hydrogen sulphide.

4. CHARACTERISTICS OF THE FINAL SOLUTION

C hem ical form : YC13 in HCI solution; acidity ~1 N.
R adiochem ical purity: > 99%.
S pecific activity: ~ 3 . 2  m C i/g  o f Y (JRR-1 product).

~  14 m C i/g  o f Y (JRR-2 product).
Concentration: ~  0. 2 m C i/m l (JRR-1 product).

~  1.0 m C i/m l (JRR-2 product).

INSTITUTT FOR ATOMENERGI, KJELLER, NORWAY

1. GENERAL

Y ttr iu m -90 is  produced by irradiating yttrium  oxide in a therm al neu
tron flux 89Y(n, 7 )90Y. The oxide is  d issolved and converted to yttrium 
chloride.

2. EXPERIMENTAL PROCEDURE 

Irradiation  

Target:
T im e o f irradiation  
Container:

Flux:
Side reactions:

Chem ical treatm ent

The oxide is  d isso lv ed  in  1 m l con cen trated  h y d roch lo r ic  acid . The 
solution  is  evaporated to d ryn ess , and the residu e is  d isso lv ed  in w ater.

200 mg Y2 0 3 , spectra l pure, Johnson, Matthey & Co. 
: 4 d.

Aluminium can with a sealed  polyethylene inner con 
tainer.
~  2 X 1012 n /cm 2 s.
None.
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3. ASSAY AND QU ALITY CONTROL 

R adioactiv ity , G e ig e r -M u lle r  counting.
Iso top ic  purity con tro l, ^ -a b sorp tion  ana lysis , 7 -sp ectrogra p h y . 
pH.
C hem ical purity con tro l, em iss ion  sp ectrograph y .

4. CHARACTERISTICS OF THE FINAL SOLUTION

Y T -y ttr iu m  ch loride  in aqueous solution.
R adioactive concentration : 1.5 m C i/m l.
S p ecific  activity : 150 m C i/g  Y .
pH: 5 -7 .
Chem ical purity: Metals, spectrographically determined (exceptY),

less  than 10 /ug/ml.

THE RADIOCHEMICAL CENTRE, 
AMERSHAM, BUCKS., UNITED KINGDOM

1. GENERAL

Yttrium  as Y 2O3 is irradiated in a therm al neutron flux, 89 Y (n, y )90Y. 
The oxide is converted to the ch loride.

2. EXPERIMENTAL PROCEDURE 

Irradiation ■

Target m aterial: Johnson Matthey spec-pu re  yttrium oxide.
Amount: Up to 1 g.
Irradiation tim e: 1 week.
Container: P rim ary  and secondary screw -top  Al containers.
Flux: 1012 n /cm 2 s.
Side reactions: None.

Chem ical treatm ent

The target is  d issolved in 6 N hydroch loric acid, evaporated to dryness 
and taken up in water.

3. ASSAY AND QUALITY CONTROL

Im purities by y - spectrom etry ; assay against 90Sr standard by G eiger 
counting; pH by C apillator.
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OAK RIDGE NATIONAL LABORATORY, 
TE N N ., UNITED STATES OF AMERICA

1. GENERAL

Y ttrium -90 is produced by fission  and is separated from  90Sr by solvent 
extraction using di-2(ethylhexyl)phosphoric acid ,90Sr > 90Y. Fission yield: 
5.9%. The isotope is further purified by su ccessive  washes and separations 
with HC1, dried, fumed with concentrated HNOa to destroy organic m aterial, 
and prepared as YC13 in HC1 solution.

2. EXPERIMENTAL PROCEDURE 

Chem ical treatm ent

Apparatus

P rocessin g  facility  and shielding required: manipulator ce ll, 6-in', lead 
equivalent.

P rocessing

T w enty-five m illilitre s  o f d i-2 (ethylhexyl)phosphoric acid  (HDEHP) 
(10 m l HDEHP and 15 m l A m sco 120) is equilibrated with 25 ml o f 0.1 MHC1 
by manually shaking them together in a separatory funnel. This step adjusts 
the acidity o f HDEHP to ~  0.1 M HC1. The organic phase is saved and the 
aqueous phase discarded. A total of 25 m l o f 0.1 M HC1 solution of 9 0 S r - 9 < > Y  

is  added to the 25 m l o f organic phase in a separatory  funnel. The m ixture 
is  m anually shaken, then fo r  ~  5 m in the phases are allow ed to settle  out. 
Y ttriu m -90 extracts into the organic phase and 90Sr into the aqueous phase. 
The bottom  phase (aqueous) is  drained into a clean  bottle and saved. The 
organic phase, which contains 90Y and som e 90Sr contamination, is  washed 
four tim es with 25 m l o f 0.1 M̂  HC1 each time and the funnel shaken. A fter 
settling, the aqueous phase is  strained o ff each tim e and saved. W ashing 
rem oves m ost o f the 90Sr contaminant. (The bottle containing the orig inal 
separation and all washes is saved; this m aterial is used two to three weeks 
la ter  fo r  another 90Y separation after 90Y appears again .) A total o f 25 ml 
of 6 M HC1 is added to the funnel and shaken fo r  ~  5 min. The aqueous phase 
is  drawn o ff  a fter the phases settle . The aqueous solution  contains m ost 
o f the 90Y. This step is repeated to rem ove the remaining 90Y. The aqueous 
solution is boiled  to dryness to rem ove acid, and the volum e is  adjusted to 
25 m l with 0.1 M HC1 to reduce the 90 Sr contaminant even m ore, extractions 
being repeated in new glassw are. The resulting residue is fumed twice with 
25 m l o f concentrated HN03 to destroy organic m atter, and tw ice with con 
centrated HC1 to convert 90Y to 90YC13 and to rem ove H N 03. The volum e 
is  adjusted to 25 m l with 1.0 M HC1.
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3. ASSAY AND QUALITY CONTROL

A sample is analysed fo r  90Y and 90Sr concentrations, total solids, m o
la rity  o f HCl, and heavy m etals, accord ing to ORNL M aster Analytical 
Manual (TID -7015), p rocedure No. 9 0733960.

The p recis ion  and accu racy  of the 90 Y assay are:
C alibration b y 47r/3-y co incidence counter.
Routine assay by w indow less 2ir proportional counter.
E stim ated lim it o f e r r o r  in d isintegration -rate concentration o f routine 
shipm ent, 5%.
P re c is io n , 3%.

4. CHARACTERISTICS OF THE FINAL SOLUTION

P ro ce s s e d , c a r r ie r - f r e e  90Y is  de livered  in the fo rm  o f YCI3 in HCl 
solution  on request. Other sp ecifica tion s o f in terest are:
A cid ity : 1 N ±  50%,
C oncentration: > 5 m C i/m l.
Total so lid s : < 1 m g /m C i.
R adioch em ica l purity: 99. 9%.
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ZINC-65

NUCLEAR DATA

1. NUCLEAR PROPERTIES

1 .1 . H a lf-life  

245 d

1. 2. Type o f  decay, and en ergy  (M eV)

beta (j3+) 0.326 (1.7%) gamma 0. 51 from  (3 +
1. 11 (45%)

EC (98.3% )

1. 3. D ecay  sch em e

30

429



2. NUCLEAR REACTIONS AND PRODUCTION

Reaction

Isotopic 
abundance o f  

the nuclide
{ %

Cross-
section
(barn)

A ctiv ity o f  elem ent 
at 1012 n /c m 2s 

(m C i/g )

1 week 4 weeks saturation

Secondary reactions 
and h a lf-life  o f 
nuclide formed

fJZnCn.yJjjZn 48. 89 0 .47  (th) 1 .2  3 .2  58.3 3gZn(n, p)fg Cu

(T  = 12.8  h) 
o  r 35 mbarn

§SZn(n,a)f| Ni

(T  = 120 yr) 
isot. abund.: 27. 8°jo 
o  = 0. 02 mbarn

30 Zn(n,'p)|JCu

(T = 61. 6 h) 
isot. abund.: 4.11(?o 
o  = 43 mbarn

“ Z n (n ,y )«™ Z n

(T  = 13.9  h) I 
isot. abund.: 18.5770 
o  = 0. 097 barn

fo Z n (n ,y )« ’ Z n 'I' T ‘

(T  = 55 min) 
o  = l  barn

!§Zn(n,ot)2gNi

(T  = 2. 56 h)

™ Zn(n ,y )’ Jm Zn

isot. abund.: 0. 62%

(th): for thermal neutrons.
For nuclear data see Refs. [ 1 ,2 ] .

The target irradiated is usually zinc oxide (ZnO). Z inc-65 of high speci
f ic  activity can be obtained using the S zilard-C halm ers reaction  on zinc 
phthalocyanine.

3. APPLICATIONS

3. 1. Industrial

Z in c-6 5  has been used:
F or measurements of diffusion [3], friction , lubrication [4] and wear [5],
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In the metallurgy of copper [6] .
In geology [7] .
In hydrology [8, 9] .
Instudying reaction kinetics [10].
In the glass industry [11] .
General references on this subject are available [12] .

3. 2. M edical and biological

The chloride is used in diagnosis:
F o r  studying zinc m etabolism  (absorption and elim ination), especia lly  

in diabetic studies [13] .
F o r  labelling red blood ce lls .
In urology , fo r  diagnosing can cer of the prostate [14] .
Other general w orks [15] can be consulted.

4. RAD IO LO G ICAL PRO TE C TIO N

4. 1. E x tern a l ex p o su re

4. 1. 1. Irrad ia tion  d oses

The dose  d e liv ered  by 1 C i o f z in c -6 5  at a d istance  o f 50 cm  is  
f o r  0. 511 M eV y  quanta (3. 5%) 0. 038 r e m /h
fo r  1. 11 M eV  y  quanta (45%) o. 9704 " “

1 .0084 [16]

4. 1. 2. Safety m ea su res

The follow ing ten th -th ick n esses1 fo r  lead and ordinary con crete  give 
an idea of the amount of p rotection  needed in handling z in c-6 5 .

Tenth-thickness 
(cm )

Pb
Ordinary concrete

d = 2 .3

For a y o f  0. 511 MeV 1 .4 11.5

For a y o f  1 .11  MeV 3 .2 17 Ref. [1 6 ]

1 The tenth-thickness is the thickness o f  shielding required to reduce the intensity o f  a y-radiation 
o f given energy by a factor o f  ten.
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In practice, the following lead thicknesses are needed to reduce the dose 
to 1 m R /h  at 50 cm :

3. 1 cm  to handle 10 mCi of 65Zn
6 . 3 cm  to handle 100 mCi of 65Zn
9. 5 cm  to handle 1 Ci of 65Zn.

4. 2. Internal irradiation

Z in c -6 5  is  c la ss ifie d  as a m od era te ly  to x ic  (C lass  2) iso top e  [17] .  
Its e ffective  h a lf- life , allow ing fo r  both rad ioactive  decay  and e x cre to ry  
p r o c e s s e s , is :

(d) fo r

194 whole body
13 prostate

206 bones
93 kidney

218 m uscle
66 liver
23 pancreas

128 testic les
74 ovaries

In the case of internal irrad iation  (ingestion  o r  inhalation), the m axi
mum p erm issib le  concentrations in a ir and w ater resp ective ly , fo r  a 40-h  
exposure, are:

10 ' 7 p C i /c m 3 and 3 X 10 ' 3 /uC i/cm 3 (soluble fo rm ) . .  .
6 X 1 0 ' 8 |uCi/cm3 and 5 X 10 ' 3 /uC i/cm 3 (insoluble form )

4. 3. Decontam ination

Except in one or two particular cases, there is no special decontamina
tion method for  any given radioisotope. General texts on this subject [20-24] 
indicate that the follow ing m easures are adequate.

4. 3. 1. Skin

Rapid and repeated washing with good-quality soap, warm  water and a 
soft brush. If this is not sufficient, use can be made of detergents or 5-10% 
solutions of com plexing agents of the EDTA (ethylenediam ine te tra -a ce tic  
acid) type. It is  also possib le to apply saturated permanganate solutions fo l
lowed by rinsing with a 5% bisulphite solution to neutralize and rem ove the 
stain. A brasive pow ders should not be used and the addition of entraining 
agents has proved  disappointing.

If any wounds are contaminated, they must be treated rapidly by allowing 
them to bleed, washing with water, decontamination as for the skin and some
tim es by additional surgical cleaning.
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4 .3 .2 .  Hair

If the hair is  contam inated, it is  im portant not to take a show er, but 
m erely  to wash the head. A norm al, good-quality sham poo is  usually suf
ficien t. If contamination is persistent, the follow ing solutions can be used: 

paraisop rop y lorth ocreso l; 
lavandin oil;
AC compounded terp en e -free  lem on; 
g lycerine diacetin; or 
benzoic acid.

Contamination is  much ea sier  to rem ove if the hair is not greasy.

4 . 3 . 3 .  Laboratory equipment

G lassw are is  usually cleaned by steeping and this is  m ainly a ra d io 
ch em ica l prob lem . The use of a sp e c ific  entraining agent o r  solu tions of 
com plexing agents g ives good resu lts and so do solutions of ch rom ic  acid , 
concentrated n itric  acid , amm onium citrate, pentasodium  triphosphate or 
amm onium b ifluoride.

5. SUMMARY OF PRODUCTION METHODS

(a) Z in c -6 5  can be prepared  by (n, 7 ) reaction  on m eta llic  zin c [25] ;  the 
target is  d issolved  in dilute h ydroch loric  acid (1 to 2 M), finishing with 
1 M HCl.
(b) To obtain z in c-65  of high sp ecific  activity, use is  made of the S zilard- 
Chalm ers effect on zinc phthalocyanine. In this case there are two methods 
of extracting the " r e c o i l  z in c":

-  By d issolving the irradiated phthalocyanine in concentrated sulphuric 
acid , follow ed  by reprecip ita tion  o f the phthalocyanine by dilution and 
filtration  [26, 27] ;
-  By stirr in g  the phthalocyanine in dilute sulphuric acid (4 N H 2SO4) 
[28, 29 ].

The process is followed by filtration and dilution of the 4 N.sulphuric solution, 
which is then passed through a resin  ion-exchange column to fix  the m etallic 
atom s. Elution follow s, using 6 N hydrochloric acid. After evaporation and 
taking up with w ater, zinc ch loride  is  obtained in a h yd roch loric  acid  solution. 
In this way, enrichm ent fa cto rs  of 1000 to 3000 can be obtained.
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PROCEDURES

CENTRE D 'ETUDES NUCLEAIRES DE SACLAY, FRANCE

1. GENERAL

F orm erly , h ig h -sp ec ific -a ct iv ity  65 Zn was prepared [1] by the S zilard- 
Chalmers effect on zinc phthalocyanine, based on the 64Zn(n, y )Q5Zn reaction.

Specific activ ities as high as those obtained in S zilard-C h alm ers p ro 
ce s s e s , and even h igher, are now achieved by d irect irrad ia tion  of a zinc 
oxide target at a high flux.

2. E XPERIM EN TAL PROCEDURE 

Irradiation

Target: 500 mg of zinc oxide (Johnson Matthey).
Irradiation conditions: Irradiated fo r  8 months at 2 X 1 0 13 n /c m 2s or for 

9 weeks at 7 X 1 0 13 n /cm 2 s.
Y ie ld : 400 m Ci are obtained with a sp e c ific  activity of

1 m C i/m g .
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Side reaction s: 68Z n (n ,y ) 69VZn > 69Zn (55 min)

70Zn(n, 7 ) 71','Z n   ̂ > 71Zn (2. 2 min)

The product is allowed to decay fo r  8 d to elim inate the 69Zn and 71 Zn 
form ed.

C hem ical treatm ent 

P reparation

Five hundred m illigram s of zinc oxide are dissolved in 20 ml of hot con
centrated h y d roch lo r ic  acid . The solution  is  evaporated  to one drop  and 
taken up with 20 m l of 1 N h ydroch loric  acid ; 0. 2 N h yd roch loric  acid  may 
a lso  be used fo r  this purpose, follow ed  by neutralization  with 0. 2 _N soda, 
to pH= 4. 5, to obtain the isotope in an isotonic solution fo r  m edical purposes.

Apparatus

This consists m erely  of a dissolving apparatus in two parts: a cylindrical 
v esse l closed  in its upper part by a ground joint and a condenser jointed into 
the first vessel.

I. T

3. ASSAY AND QUALITY CONTROL

Ionization cham ber m easurem ents are m ade of the activity  o f two 
sam ples, the zin c c a r r ie r  content of which is  then determ ined.

The ra d ioch em ica l purity is dem onstrated by y  sp ectrom etry .

4. CHARACTERISTICS OF THE FIN AL SOLUTION

R eferen ce : 65ZnS

A h y d roch lor ic  acid  solution  o f zin c ch loride .
R adioactive concentration , m easured  to  within 5%: 10-20 m C i/m l. 
S pecific  activ ity : 200-1000 m C i/g .

R E F E R E N C E

[1 ] DOUIS, M. , VALADE, J. , Une installation de preparation de radioelements par effet Szilard-Chalmers, 
CEA Report No. 2072.
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CENTRAL INSTITUTE FOR PHYSICS, BUDAPEST, HUNGARY

1. GENERAL

Production is based on the therm al-neutron-induced nuclear reaction on 
zinc metal. P rocessin g  consists of the dissolution of irradiated metal in the 
corresponding acid.

2. EXPERIMENTAL PROCEDURE 

Irradiation

T arget: Z in c m etal (BDH). Amount depending on the request.
F lux: 2 X 1 0 13 n /c m 2s.
T im e of irrad iation : 50 d.
Container: Quartz am poule with ground stopper.

C hem ical trea tm en t

No specia l separation or purification is carried  out; different compounds 
are produced by d issolv ing  the irradiated  m etal in the corresponding dilute 
acid. A cooling  period  of 6 d is  n ecessary  fo r  the elim ination of 89mZn and 
71 Zn activities.

3. ASSAY AND QUALITY CONTROL

The purity of the target is previously  checked by routine spectrom etric  
method.

R adiochem ical purity is controlled with a multichannel pulse height ana
ly ser  fo r  each charge.

The pH of the solutions is  determ ined in the usual way by m easu rin g  
aliquot sam ples. As the products are not used fo r  m ed ica l p u rp oses , no 
ph arm aceutica l con tro l is  ca rr ie d  out.

4. CHARACTERISTICS OF THE FINAL SOLUTION

Specific activity 
(m C i/g )

Zn grey powder ~  70

Z n C l2 in aqueous solution ~ 3 0

ZnS04 in aqueous solution ~ 1 5

Zn(N 03)2 in aqueous solution ~  20
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ATOMIC ENERGY ESTABLISHMENT TROMBAY, BOMBAY, INDIA

1. GENERAL

Z in c-65  is produced by the neutron irradiation  of pure ZnO in a nuclear 
rea cto r . Other isotop es produced, nam ely 69raZn (13. 8 h), 69Zn (51 min) 
are both short-lived  and are allowed to decay. Z inc-65 of high specific acti
vity is prepared  by Szilard-C halm ers enrichm ent using the phthalocyanine 
as the target.

2. EXPERIM EN TAL PROCEDURE 

Irradiation  

Target:

Flux:
Irradiation period

Chem ical treatm ent

A fter unloading the irradiated  can it is coo led  fo r  about 2-3 w eeks to 
allow the sh ort-lived  activ ities of zinc to decay. Then the can is cut open 
and the irradiated  ZnO is tran sferred  into a tw o-necked 250-m l round- 
bottom ed flask fitted with a distillation  condenser. E xcess of 2-3 N HC1 is 
added and the solution is boiled until the com plete dissolution of ZnO. Then 
the excess  acid is  rem oved by distillation. A fter allowing the flask to cool, 
the z in c -6 5  activity  is  leached  out with dilute h y d roch lo r ic  acid  to give a 
zinc ch loride  solution .

3. ASSAY AND QU ALITY CONTROL

The activity assay is done by m easuring the ion current of a known 
volume of the stock solution in a calibrated ion-cham ber.

The radionuclide is  identified by the photo-peak of 65Zn (1.11 MeV 45%). 
The radioactive purity is  determ ined by com paring the gam m a-ray 

spectrum of the test sample with that of the standard spectrum for pure 66Zn.

4. CHARACTERISTICS OF THE FINAL SOLUTION

Specific activity: > 50 m C i/g .
Chemical form : ZnCl2 in dilute hydrochloric acid solution.
Concentration: > 1 m C i/m l.
Radiochem ical purity: > 99%.

5 g ZnO (E. M erck G. R. grade) per can type C (co ld - 
welded 2 S aluminium can, 44 mm high and 22 mm diam.) 
4-6X1013 n /cm 2s.

: 6 months.
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INSTITUTE OF NUCLEAR RESEARCH, 
SWIERK NEAR OTWOCK, POLAND

1. GENERAL [1-5]

The production of 65Zn is based on the (n, 7 ) reaction of ZnO or Zn target 
m ateria l irrad iated  with neutron flux in the re a cto r . F o r  iso la tion  o f the 
rad ioisotope the target is  d isso lved  in an appropriate solution.

2. E XPERIM EN TAL PROCEDURE 

Irradiation

Target: Zinc oxide or zinc amount correspondingtothe requirements.
Flux: 2X1013 n /cm 2s.
Irradiation tim e: 2-3  months (reactor working 86 h per week at full power).
Container: Aluminium capsule closed by welding.

Chem ical treatm ent

Z in c-6 5  in the fo rm  of inorganic com pounds is  obtained by d issolution  
o f the irrad iated  target m a teria l in HCl, HNO3 o r  H2SO4 . The resu ltin g  
solution is  concentrated to a sm all volume and then diluted with water to the 
required concentration ; the target m ateria l is  left fo r  6 d after irradiation  
fo r  the decay of the sh ort-lived  isotopes 69mZn and 71 Zn.

3. ASSAY AND QUALITY CONTROL

The chem ica l purity of the target m ateria l is  checked by a routine 
spectra l method.

The radiation purity is  con trolled  by gamma spectrom etry .
The activity of the final product is determined by an ionization chamber 

calibrated with a standard.

4. CHARACTERISTICS OF THE FINAL SOLUTION

Zinc chloride in aqueous solution

Specific activity: 100-500 m C i/g  Zn.
R adiochem ical purity: Not less  than 99%.

R E F E R E N C E S

[1 ] HICKS. ,H .  G. , The radiochemistry o f  zinc, Un. o f  California NAS-NS 3015 (June 1960).
[2 ] OAK RIDGE NATIONAL LABORATORY, Radioisotopes Procedures Manual, ORNL 3633 (1964).
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[3 ] CENTRAL INSTITUTE FOR PHYSICS, BUDAPEST, The production o f Zn65 at Central Institute for Physics, 
Budapest, Hungary.

[4 ] HOURS, R. , Les applications industrielles des traceurs radioactifs, Rap. CEA-DR/AR/63-I/RH/HLD 1 
(1963).

[5 ] VALLEE, B. L . , The metabolic role o f zinc, JAMA 163 (1956) 1053.

THE RADIOCHEMICAL CENTRE, 
AMERSHAM, BUCKS., UNITED KINGDOM

1. GENERAL

M etallic zinc is  irradiated in a high therm al neutron flux 64Zn(n, y )65Zn. 
The m etal is converted into chloride in solution.

2. EXPERIMENTAL PROCEDURE 

Irradiation

Target m aterial: Johnson Matthey spec-pu re zinc metal.
Amount: 200 mg.
Irradiation tim e: 21 d.
Container: Sealed s ilica  tube prim ary; aluminium tube secondary.
Flux: 1014 n /cm 2 s.
Side reactions: 68Zn(n, y) 6 9 m z n / 6 9 Zn.

Product stored fo r  two weeks before use.

Chem ical treatm ent

The target is d issolved in 6 N hydrochloric acid, evaporated to dryness 
and taken up in water.

3. ASSAY AND QUALITY CONTROL

Identity by 7 -sp e c tro m e try , assay by scin tillation  count against 13,7Cs 
re fe ren ce . pH by C apillator.

OAK RIDGE NATIONAL LABORATO RY, 
T E N N ., UNITED STATES OF AMERICA

1. GENERAL

Z in c-6 5  is  produced  by the (n, 7 ) reaction  in a zin c m etal target, 
64Zn(n, 7 ) 65Zn, and is  prepared  as Z nC l2 in HC1 solution.
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2. EXPERIM EN TAL PROCEDURE

Irradiation

T arget: 1 g zinc m etal.
Neutron flux: 2 X 1014 n /c m 2 s.
Irradiation  tim e: 2 .5  yr.
R eactor  y ie ld : 13 Ci.

C hem ical trea tm en t

Apparatus

A hot o ff-gas scrubber unit1 is used in processing. P rocessin g  facility  
and shielding required: manipulator ce ll, 4 in. lead equivalent.

P rocessin g

Yield: > 95%.
The irradiated sample is placed in a beaker containing 10 m l of distilled 

water, and about 10 m l of 1 to 2 M HC1 is added. The beaker is placed under 
the hot o ff -g a s  scru b b er  unit and heated gently until a ll z in c is  d isso lv ed . 
The volum e is  adjusted .to 50 m l o f 1 M HC1 fo r  the fina l product.

3. ASSAY AND QU ALITY CONTROL

Samples are analysed fo r  m olarity of HC1, total solids, 65 Zn concentra
tion, and radiochem ical purity accord ing to ORNL M aster Analytical Manual 
(TID-7015), procedure No. 9 0733971.

The precis ion  and accuracy  o f the 65Zn assay are:
Calibration by X  r a y - 7  coincidence counter.
Routine assay by ionization cham ber and w ell-type scintillation counter. 
Estimated lim it of e r ro r  in d isintegration-rate concentration of routine 
shipment, 5%.
P recis ion , 2%.

4. CHARACTERISTICS OF THE FINAL SOLUTION

P rocessed , high specific  activity 65Zn is  delivered in the form  of Z n C l2 
in tlC l solution as a stock item . Other specifications of interest are:
Acidity: I N  ±50%.
Concentration: > 1 m C i/m l.
Specific activity: s  500 m C i/g  of Zn.
R adiochem ical purity: 99%.

1 See Fig. 2 o f  Section on eaBr provided by ORNL, Tenn. , United States o f  America.
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