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I. Introduction

vIn the separation and use of radioactive substances it is frequently
necegsary to isolate radioisotopse preparations which'do not géntain detectable
am§unts‘of stable isotopic material. These preparation;, ﬁéually deeignated
by the term “carrier-free®, are‘produced principally by nuclear transmutetion
reéctionélo Sinée tranemtation products are generally obtained in amounts
which are detectable only by their characteristic nucleey ra&iations, conventional
inorganic separation procedures are usually not directly applicable end special
methods must be employed., Many of these msthods were qriginally developed in

the investigation of the naturally radiocactive slements. Even prior to the

" gensral acceptance of the theory of iéotopy, & great deal of information had

already been obtained on the chemical béhavior of unﬁaighable amounts of the
shert—lived radioelements including methods for thelir sgparation and isolstion.
Although few generalizations were then possible, the inﬁroduction of the
disintegration theory which wag soon followed by the arrangpment of the radio-

elements in the periodic table rapidly resulted in e fairly comprehensive

#This document is based on work performed under Contract No. 7&05-eng—h8 for the
Atomic Energy Commission. : ]

1 Non-trensmutation nuclear reactions may also be.used to produce carrier-free
radidisotopes?',A<;uccessfu1 éeparaﬁion-in caseg where the target and.product aré
isotopic depends on the removal of the radioactive atom by breaking ite chemical
bond in the target or parsnt compound ag a result of isomeric transitiom (117,29) or

recoil (126,87). These methods aithough of considerable theoretical interest are

at present not generslly practical for the production of carrier-ffee tracers.
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understanding of many of the uniqﬁe chemical, physical and biological properties

“of unweighable amounts of thé radioelements found in the natural decay series.

- Probably, however, the most extensive developments in the chemistry
bf the radioeiements in extreme dilution have followed the diséovery of artificial
radiOaétivity;' The development of the cyclotron and the chain-reacting pileu
resulted in a tremendous increase in the number an@ availability of radioisotopes
that can be produced in the carrier-free state. And with tﬁis, there has been
a corresponding increase in our understanding of the fundamental principles-of
the separation processes. Many new techniqueé, particulariy édapted to carrier-
free radioisotope seéaration, have_been developeda These teéhniqpes and those
previously employed in classical radiochemistry have been successfully used in
the sepafation of carrier;free radioisotopes of most of the stable elements aﬁd
in the discbvery and preliminary chemiCal identification of several new elements.

The use of carrier-free techniques is essential in certain types of

research and highly desirable in many others. It is, of course, fundamentally

importaht to most investigations involving those radioelements, either artific-

ially proqﬁced or naturally occurring, of which no stable isotopes have been found
in natureo. The fact that these substancés are nqrmally encouptéred'onlyn%n
invisable amounts neceséarily'delimits the type of chemical technique which can

be empioyedzin their manipulation. The isolation of carrier-free radidisotopes

of. the stable elements also is important in several widely_differing fields of

research. In chemistry they have been used to investigate, (a) the chemical

-properties of the elements at extreme dilution, (b) adsorption phenomena; and

(c) the properties of radiocolloids, in addition to (d) their use as tracers
ixlmany'chemicai problems in which high dilution factors are important. Carrief—
free radioisotope preparaﬁions are also desirable in certain types of physical
measu?ement; for example,'in the characterization of low-energy nuclear radiations,

the use of a "mass-less" source is important to insure small self-absorption and in
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" mass spectrographic determination of nuclear properties to obtain a maximum

sensitivity.

The widest use  of cérrier-free activities and probably_one of the most
significant is their application to blological and medical research since these
preparations may be added to biological'éyStems without changing the mass or
conceﬁggééion of the stable element of compound already present. This situation
is extremely desirable, for example, in metabolic studies, in the invéstigation of
trace element functions and in the use of raﬁioisotopes.as in vivo radiation
sources. An important medical problem involving the metabolism of carrier-free
radioisotopes has resulted from the quantity production of plutonium. The need
for investigating the radioﬁokicological.hazards of the fiséion produéts and of
the transuranium elehenﬁs; neptuﬁium and plutonium, has necessitated the biological
testing of each of the radioisotopes in the carrief~free form in which it would
be encountered in the plutonium process. 3Decause of.the importance of evaluating
the health hazards of these materials a great deal of information has been obtained

on the metabolic properties of the radioisotopes produced in fission.

IIO_ Sources of Carricr-Free Radioisotopes

The.chain—reacting pile and the cyclotron are the only practical sources
of-carrier—frée radioisotopes although a few useful radioisotopes are_still obtained
frém the natural decay series, ‘Thé important nuclear reactions for each of these
modes of production are described briefly below.

Pile Reactions: Neutrons at pile energies produce radicisotopes in the carrier-

free state by four main types of nuclear transmutation reactions,

(1) HNuclear fission: In the comprehensive investigation of the radioactive

species formed in the fission of uranium more than 160 radioactive isotopes‘have
been identified ranging in the case of U235 fission ffom Zz =30 (éinc) tovZ = 63
(europium), and from A = 72 to A = 158. As a result of the fact that the nsutron
excess Qf U235 is considerably greater than that required for stability in the

fission-product region, the primary fission-product nuclei achieve stability throug@
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succéssiﬁé B decangiving rise to fis;ion product chains. The radioisotopes

in each ?hain, their relationships, their massvassignmenﬁ an& yields have been
determined in most Casés (106,116). Although these radiéisotopes are by-products
of normal pile operation, only a few havé half-lives sufficiently long to warrant
their ro?tine separation. The major radioactive fission products of half-life

greafer than one week are described in Table I. Mbst of these are available in

carrier-free form from the Isotopes Division, Atomic Energy Commission, Oak

Ridge, Tennessee (66).

(2) Neutron captufe ( n;v) followed by 8 emission: With the exception

of ‘the (n,f) reactions, the (n,y) reaction is the most. important source of
carrier-free radioisotopes in the pile, -‘Although the (n,y) reaction alone results -
in the production of radioisotopes which are isotopic with_the tabget element

and hence not separable in the carrier-f;ee state, it may be used io produce

carrier-free radioisotopes if the product isotope decays to give a radioactive

descendant. 7 i
Table II describes the carrier-free radioisotopes which are routinely
produced in the pile using this type of nuclear reaction. The activation cross

section of the target isotope-and the characteristics of the radioactive descendant

are also listed,

(3) (4) Neutron capture with proton and alpha particle smission,(n,p)(na)

reaction: i
A few important (n,p) and (n, g transmutation reactions are possible with

pi‘le‘neutr"dnso These are confined to-the production of radioisotopes of the
lighter elements because only a negligibie fraction of pile neutrons have energies

sufficient to overcome the potential barrier to change particle emission above

Z = 20, Resonances in certain nuclei also permit (n,p) and -(n,m) reactions to

proceed with neutrons of low energy. Table II lists the radioisotopes which are

produced by (n,p) and (n,ct) reaction in the pile.
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OF HALF-LIFE GREATER THAN 1 WEEK (106,116,66)

-5

R Energy'(be) Relative
- Redioisotope Half-Life Beta _ Gamma Yield (Curies)#®
388r§9 5 55 d 1.8 none 1.0
83r9°(*) 25 ¥y 0.65 none ' 00655
59Y9;5 57 @ 1.53 none 1.25
hoZr 65 4d 0.394(964%) '0f75(93%) 1.35
“ hlNb95 35 4 0.15k 0.75 1.7
2‘5'1%«;19)" o~ 5x10° # 0.32 none 0.7x10°°
L BY 5 W2 4 0.2(95%) 0.56 0.9
:thu106 1.0 y 0,0k nene 0.065
52T5127m(*) 90 4 I.T.,e 0.086 0.0075.
52Te}29m . 52 a I.T. e 0,102 0.03
‘531131 8 4 .35;0.60  0.63;0.36;0.28 0.065
50515?_ 3% 3 255308k | 0.66 0.032
140(4)
€2 12.5 4 1.05 0.529 0.35
580elh1 28 a 0.66 0.2 1.0
5scelh5(*) 215 4 0.35 none 0.85
59?f1h5 13.8 4 0.85 _ none 0.4
60Nd1h7 1 e 0.90 0.55 0.12
61Pmlh7v 3.7y 0.22 none 0.1k

(#) Relative amounts of fission products co-existing one month from the end of a

several-month expoeure:(106)‘°

(4#) Indicates that the radioisotope decays to a more energetic daughter (106,116).
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TABLE II

A- CARRIER-FREE RADIOISOTOPES FRODUCED IN THE PILE
BY (n,y) REACTION FOLLOWED BY DECAY (116,66,122)

: Thermal Neutron Activation
Target = Percent Cross Section (Barns) Half-Life of

Redioisotope  Half-Life Isotope Abundence Isotope  Natural  (n,y) Product
55A577 ; ' ’ 4o h ceT6 6.5 0,085 0.0055 12 h
thb95 | 35 a4 ozt 17.k4 0.06 0,01k 65 4
9mm : 96 _
h}rc 93 da Ru 5.68 2.2 0.15 2.8a
h3'1'c99- ~5x10%y M ka 0.415 0.10 67 n
h53h105“ 37 h Ruloh - 18.27 - 66T 0,122 b .kh
h7Aglll | 7.5 Pt 13.5 0.39 ©0.053 % m
518b125' 2.7y st 6.8 0,57k 0.0%9 9 m
551151 8,08 TP a5 0.22 0,073 25 m
5503151 10,26 Bat° 0.101 - - 12,04
pr3 | 13.8  ce*? 117 0.95 0,11 33 1
2 1u7 - - 146 '
o | 3.7y N 17,1 1.4 0,24 11.0d
1 . :
Pm;h9 k7T n Ndlhs 5.78 2.8 - 0.16 1.7h
O 155 15k v |
65Eu _ 2 y Sm 22,53 5.50° 1,10 2 m
79Au199 o ssa P g2 3.92 - 0.28 31 m
8hP021° wo a B 100 0.015 0.015 5.0d

B- CARRIER-FREE RADIOISOTOPES PRODUCED IN THE PILE
BY (n,p) AND (n,a) REACTION

200&

Radioiqotope HalfLLifb , Produced by . Reference

135 ’ - 12 y, Li6(n9a) ’ (99,100)

i 5100 g 1 m,p) (112,97,137)

'15P52 1k.3d : 852(n9p) (16y121,52y31,h8)

16535 : 87.14 ' 17 (5,p) | (134,70,121,113)
45 ‘ 180 & s¢*2(n,p) o (T4,9)
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Cyclotron Reactions

The cyclotron is the only practical source of a large number of usefui carrier-
free radioisotopes which are not available from pile sources (116,66). In addition,
although a desired radioisotope'may be produced in the pile, half-life and other
technical limitations may make cyclotron irradiation the more desirable metﬁod of
production.

With the exception of the (n,f) reaction, chérged particle bombardments
differ from pile reactions in the greater probability of concurrent reactions.

This 1is p;rticularly true at the higher bombardment energies. With 20 Mev deuterons;
for example, three and occasionally four radioactive elements may be produced con-
currently from the target element (133)° At energies considerably higher than this
(ns100 Mev) a whole.spectrum of transmutation ' products are observed. |

| Reaction products covering a raﬁge from the region of the target nucleus
down to nuclei about 20 mass units lighter are produced by bombafdment with particles
having energies in the hundred million volt range (25,47,88). To'indicate these ré-
actions'in which excited nuclei are degraded by losing one or more nucleons, the term
spallation has been suggested. The majority of the artificially produced t racers |
are produced by-the relati&ely'simple reactions involving the emission of not more
than three or four nuclear particleso. The intensity of the charged particles igs
low at these energiesland the radiochemical procedures become formidable due to
tﬁe'large number of radibelements_produced°

Because of the great variety of nuclear transmutation reactions (116,115)

which can be brought about by deutefon, proton, and alpha particle bombafdment,

it is frequently possible to produce a desired radioisotope by several different

types of nuclear reactiqns° in determining the particular reaction to be employed,
several factors must be conéidered, including‘(l) the yield of the desiréd radio-
iSOtOpe; (2) the relative yields of the possible concurrent side reactions, (3) the
problem.of the ultimate chemical separations of the desired product, and (4) the

chemical and physical limitations which must necessarily be imposed in the choice
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of target material for charged particie bombardment. Considerations (1).and (2) are
discussed below and (3) and (4) are covered in the section on separation procedures.

Deuteron Reactions

For the production of many.useful radioisotopes in the carrier-free state
£ the reaction types (d,x)(d, 2p)(d,n)(d;2n) are the most important. The (d,q) and
o (d,2p) reactions are most useful in prqducing radioisotopes of lower atomic number
| because of the poiential barrier to charged particle.emission which increases with
_ atomic number. Although the yield of these reactions increases with deuteron enérgy,

at the higher energies the (d,n) and (d,2n) reactions become relatively more impor-
tant for the elements of higher atomic number. The (d,ap) reaction is relatively
unimportant in the production of practical amounts of -radioisotopes although the
possibility of this reaction must bé considered as a source of fadioactive contamin-
ation;
In practice, the above transmutation reactions and the npn—transmutatiye

(d,p) reaction all occur concurrently with reaction probabilities determined by

the energy of the bombarding.deuteron and by the atomic number of the target
nucleus. The reaction probability @) of competing reaction types and.their energy
dependence (thin-target yields) have been determined for a number of target elements
using the stacked-foil technique (13)o Nuclear reactions for which excitation
functioﬁs (o~versus E) have been determined are listed with references in Table III.
. In radioisotope production by charged particle bombardment the target is generaliy
thick enough to absorb the_éntire beam, Thick target yields may be obtained by
graphical integration of the particular excitation functioﬁ involved (13), although

Musually;they;are.obtained,difectlyMfrom”thick—targetAbombardments.. Available thick-

target yields for charged particle reactions are given in Table IV,

‘Alpha Particle (Helium ionl_ReactiQns
Alpha-particle capture followed by neutron emission,( ~@n)(a2n)(o3n)
reaction, is useful in the production of certain radioisotopes, particularly of

the heavier elements. The principal advantage of this type of reaction is the
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double increment'in'atomic number} The_(@,xn) reactién is inmdrtant, for example,
iﬁ‘the preparétion 6f fadioisotopes of astatine (Z = 85) because the only target
eiement available fof this reactioh is bismuth (Z = 83). fhe reactions of ‘the type
(%,p)pand (&,pnj are more probable with elements having low atomicvnumbers because
of thé bofential bérrier to charged particle emission, Ekcipation functions for
alphdiﬁéffiéle'reactions are included in”TaBle IIT. Thick tangetvyields afe gilven
in Table IV, |

Proton Reactions

All‘of the transmutation reactions induced by'pfoton bombardment can be
duplicated, as far as carrier-free radioisotope production is coﬁcerned, by,deuteron
bombardment, Deuterons are usually fé&ored over protons because higher ehergies.
are mbre readily obtained. Yield data for a few protoh reactions are given in

Tables III-IV,
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TABLE III

'TABLE OF REFERENCES
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(Nat\;qzziggement) _Reference _ Transmutation Reactions Max. Energy (Mev)
c 98 clamEt? 5
¥ (3) §(n,p)ct s N(n,a)B 1.7
0 (28) 0(p,n)F b
Mg (61) Ms(dga)maeh S 3.5
| (79) Ma(d,a)Na 2t 2%
AL (15)° Al(dgqp)wagh ik
s (75) 8(n,0)P" 5.8
c1 (110) c1(n,p)8" 1

i(llo) 01(a¢m)835’ - 1b
Fe (20) Fe(d,n)Co” 10
(21) Fe(d,n)Co>; Fe(d ,a)Mn > 10
Ni (125) Ni(p,n)Cu6l”6256h 6.3
(26) Ni(p,n)Cuéh R
(129) M(d,m)cu 5
Cu (125) Cu(p,,n)Zn63 6.3
(90) Cu(d,en)2n63 16
(26) cu(psn)Zn63 | o 4
(14) Cu(d,2n)Zn6?’65;Cu(dﬁu)Ni63 14
Zn (11) Zn(p,n)cat+85T0 ' 6.3
(28) 'Zn(pgn)Ga68’7o 4
Se (11) Se(psn)3r§0’82 6.3
(78) 86 (p,n)Bro0r 2 4.0
Br - Br(a,20)EeT 13.5

(13)
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Transmutation Reactions
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Max, Energy (Mev)

Rh

Pd

Ag

In
Au
T1
| Pb

Bi

(8)

{76)
(18)
v

(38)
(128)

- (19)

(71
(33)
(63)

A

(71)
(29)
(128)

- T1(d,n)Pb"

Pb(d,n)Bi

Rh(a»n)AsloésRh(ay&)Ag

Pa{a yn)A'g]'06 ;Pd(d, 2n)AgIO6

Ag(d,,en),c:*dlo7’1°9‘
' 12 . 11
Ag(a,n)In ;Ag(a,an)lnl

10,111
Ag(a,m)lnlog’l =

In(oz,,n)S‘bj'le;In(a,&x)Sbn?; In(a,3n)Sb

&1
206

Au(d,2n)H

207.

Bi(d ,n)I’leo

Bi(d,,n)'}?ea]_'o

B1(d,n)Po—C;B1(a,3n)Po

Bi(d,n)Poelo

Bi(a,2n)AtS

105

208

210
;Bi(a,3n)At

116

19
g
9
19
37 .
38 '

9
9
9
9
9

e

4.5
38
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| | TABLE IV
A- THICK TARGET YIELDS OF SOME ARTIFICIAL RADIOELEMENTS - Ref. (53)

Yields are given in terms of microcuries per microamperé hours. The term

microcurie refers to the absolute numdber of disintegrations per second of the

. ’ i , :
artificially prepared redioelement: 3.7 x 10 disintegrations per second. This

definitian, however, does not apply to fhoae radioelements with the exception of

. Be vhose yield values are enclosed in parenthesis since they are all substances

decaying by crbitaljelectron capture and the measured radiation contains varying

proportians of x-rays, gamma rays, and intefnally converted electrons. In such

~ instances, the value of the microcurie is a comparable ne and eimgly indicates

that the amount of ionizqtion produced is equiiaient with the measuring dqvice
employed to that from one microcurie of the radioactive standard, A Lauritsen
electroscope with 2 thin-walled aluminum window was employed for these measurements.
The totel air equivalent of the window together vwith the distance of the sample
from the instrument totalled 4 cm. The instrument was>calibrated by means of le
standards which were cbvered'wifh a pufficient thickness of aluminum foil to screen
out most of the soft UX,

1
beta particles. The values presented in the table include yields for deuterons

, betas and epproximately 15 percent of the more energetic
2
at energies of 8, 1k, and 19 Mev, and helium ions at 38 Mev. The last colwm gives
the factor of ths ﬁifferénces of isotopic abundances of the target materials. This
correction was not applied to the yield data., In the case of.q}h, the value given
is a calculated one-assuming a bombardment of 100 gallons of saturated solution of
aﬁmonium nitrétep The accuracy of the underlined yield values is'beliéved to be

accurate to plus or minus 25 percent. Those not underliﬁed,are subject to much

greatsr error,
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TABLE IV, CONT'D
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Yield in pc per upa-hr.

#Calculated from known neutron yields andg

100 gallons.

.Isotépve[ Ha;,_lf-mfe Radiations Reaction 8 l;ev lh, gev 1 ge v 3'8 ;b_ v_ ;:::gpg
| 1113 12hy B Be’(4,t) S 0.1 - - 1
yBe’ 52,94 K,y Li?(d,?ra) - - 2 - 1.1
6(‘}11 R 21 m '6+ Bﬁ(d,n) 500. - - - 5
6012” o~ 5106 y B Nu"(n,,p) - aodos* - - 1
= | 10 m gt C}g(dgn) 1000 - - - 1
9]!‘1822' 112 m_‘ Bf Ols(aypn) - - - 5000 1
L B'Zy Mge“ga,a? - 1.0 ] - 9
e .90 By Ne(a,p) - - 1500 - 1
121@27' 10.2m B,y Mg?o(d,p) 500 2800 - - 9
i2Mg?7_ 1‘0,,2'1;1 B,y A1?7(a,2p) - . 2500 - 1
15P32 k.16 B 22(d,p) 30 120 - - 1
& 8T & B c’’(a,a) - 8.4 . b
170138 8 m By c1’T(a,p) 1000 - - - b
vlgx:z 1240 By Khiidgp) - 50 107 - 15
1911_2 ‘1_2_0!; h '5:,7 | c: (a,a) - - 3.3 - 50
19Kh3 12°;h h B_ oY AhZ(a,,pn) - - - 2000 1
191 . 22.% h B’ sY A mf,%p) - - - 1000 1
oot 152 4a B ca (4,p) - 0,01 0.05 - 50
213;»1‘6 8 4 By 71*8(a,a) - - 0,01 - 1.3
2h0r51 26 a4 K,y v(a,2n) - - (0.2) - 1
25m52 654 KB,y e 2(a,m) - ] (8) ; 1.2
25m5h 310 4 K,y F056(d9a) - (0.10) - - 1.1
26%59' W6 4 B,y Fe58(d,,p) - 0.0% - - 360

a-' for ¥ in a saturated solution of NEhIiO3 of
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‘TABLE IV, CONT'D

Yield in pe per pa-hr, ,
38 Mev Isotope

#Difficult to evaluate due to multiple reactions

or more than one target

- ' 8 Mev 1k Mev 19 Mev
lsotope Half-Life Radiations Reaction D D . a Ratio
6P’ by X M (d,2) - - (0.02) - 17
2_ICoZZ 270 4 K,af,ve',fy .Fes6(d,n) - (1.0) (5.0) - 1..1
of8 129h KB By o) - (3000) - - 1.5
29(:'1:;:"" 12.9 h K,8 87,y zn6"(a929) - - (300) - 2.1
o 60 n F 20"(8,2) - - 10 -
20 30 a4 mehey o) - (0.5) - I
31%67 8 B Ke .y 2P, - - (30) - 3.8
32@?71 11.% 4 K,e ,¥ Gan(apar) - - (8) - 2.5
'53“7& 1754 BBy Gelf(am) - 2 10 - 3
%Se;Z 1271 @ Kyo Ly As;Z( a,2n) - - (1) - 1
35Br86 25 h a: 97 Se88(d,,2n) - - - 500 10
vﬁR’b - 19.54 B,y Sr - (d,x) - 1.0 - - 1.2
383r85 65 & ' K,y Rb85(a,,.2n) - ,gg,n) (o.,6q) - 1.2
388;:9 sh 4 B . Sr:(d,p) - _1_0____h - - 1.2
39Y N 105 @& K:-B 5Y 3;9 Ed,&;? - M) (1.0) - 1.2
4oZT 78 h B Y7 (&,2n) - 1.0 750 - 1
;,,,OZr% & 4 B ,e ,v Zr%(dgp) - 0.15 - - 5.9
um% 16 1 527 m<>92(d,,a) - 2.4 - - 6.2
| th‘b91_ 5 4 K,e ,v ngo(a,,n) - 1,0) - - 2
hlm95 37 & B e,y Mo® (d,a) - 0.05 - - 1
hQMogg_ 67 n B,y ngs(aé,n) | - - - 0.1 36
'hhmi;. 2.84 K,e Y Mqiiém) - - - (30)
s k.3 a E,e ,vy R (d,2n) - - ng - 7.9

1sotope.
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53

- ' : 8 Mev 1k Me 19 Mev 38 Mev Isotope
Isotope Half-Life = Radiations Reaction D D: D . a . Ratio
W2 17 e K rl%(a,2n) - - (.05) - 1
WA B0 & EKe,y P %amm) - - (0.10) - 7.
R SR X Ag7(a,2n) - - (2) ; 2.1
hgrnnl - 2.84a K,e v
11km . - Cd(a,pxn) - - - (0.10) =
thn_ Rs50 4 I.T,,e
50811.113- 105 a K,e .y ca(a,xn) - - - (0.50) #
518‘&)120 6.0 a K,e ,v |
o0 - sn(d,xn) - - (2) - #
518% 2.8 a B ,e ,v . |
U B et (a,om) - (0.16) - . 1.8
1 8.0 4 B e,y TerX(a,p) Lo o 0' .
"l"e:D l(d.(,n) . * |
5613aj‘33m 38.8 h I.T.,e ,y ce’’(a,2n) - (100) - - #
7hw181 1o a K8 ,v .Talsl(d,&i) - - (.005) - #
Re'l83 240 4 K,e ,v |
AR ) Ta(a,xn) - - - (.05) *
7536 52 @& K,e Y , _
77Ir190 10,74  K,e ,y |
192 _ 0s(d,xn) - - (2 - #
7 70 4 Ky, |
82?1’203 52 h K0 5y T12_°3,(d,2n) - - (1.5) - 3.b
8 31206 6.4 K,e 7y .:Pb2°6(d,,2n) - - (10) - 3.9
> 20 209 |
a,Fo 138 4 a,y 31208(6.,11) - 2.0 - - 1
&POZIO 138 4 a,y Pv» {a,2n) - - - 0.85 2
85At2,11» 7.5 h a,K 3%1209(%2:1) - - - gloo)* 1
t Yield for 29 Mev helium ions.,b

#Difficult to evaluate due to multiple reactions

or more than

one target isotops.
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III. General ConsideratiOns in Carrier-Free Radioisotope Preparation. Tyves of

Separation Processes

-"Although the detailed methods which have been developed for iéolatihg
carrief~free.radioelements are extremely varied and depend on the'particular'
problem at hand, all are‘bésed on a relatively few general typés of separation
procésées;. (a) co~§recipitation,'(b) leaching, (b) radiocolloid formation,

v(d) electrodeposition, (e) ion-exchange, (f) solvent extraction, (g) distillation
(volatilization). Each of these is discussed briefly below in terms of its
applicability to the problem of isolating unweighable amounts of thé probe carrier-
free radioelement, or compound of the element, in aqueous solution at a pH range

' of 3 to 8. This critérion has been adOpﬁed for two reasons. First, because the
‘moét extensive use of carrier-free radioisotdpe.preparation is in biological and
medical usage for which it is usually desirable to obtain radioactiQiﬁies of
extremely higﬁ chemical, radiochemical and isotopic purity.in isotonic solution
ofvsodium chloride, sodium sulfate or other non-toxic salts., JSecond, because these
;specifications'are generally high enough to meet requirements of almost all other

types of investigation requiring carrier-free radioisotopes.,

(a) Co-precipitétion: The separation ofAsub—microgram qugntitigs_qf;radioelemegts
from soluﬁion by means of'non—iSOtopic precipitates'usually involves a sqbsgquent
separation of the radioelement from the carrier pfecipitate° It is desirab}e,
“therefore, to use as co-precipitating agents, substances which can be easily
separated with a minimum amount of chemical and physicai manipulatién. True
co-precipitation processes (52,62),.(i.e°, thése casés in which the radioelement
because of similar chemical propertiés ié incorporated in the precipitate through
iéomorphism‘or.mixéd crystal formétion) althoﬁgh to a large extent extremely
vreproducible and independenﬁ éf precipitating conditions aré not of great practical
importance particularly in’ the isolation'oflradioisoto?es for biologiéal research,

The inherent difficulties involved in the subsequent separation of thevchemically
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similar radioelement and precipitant frequently more than offset the desirable features
of co-precipitation processes. This factor has, however, become somewhat less
limiting with the development of the ion-exchange technique (130). .

More generally in the separation of carrier-free activities as "scavenging"
type of precipitation reaction is employed. In these cases, the rédioelement is

carried down as a result of adsorption phenomena. Although precipitation reactions

of this type ars quite sensitive to changes in experimental conditions and are not

as specific as the true co~precipitation_reaction, they havé the important advantage in
that the scavénging precipitate can usually be chosen so that its subsequent separation
from the carrier-free radioisotope involves a minimum amount of manipulation.

Table.V is a'resume of some important co-precipitation - écavenging types of
precipitation reactions. A serious disadvantage of co—precipi£ation processes in
general is the fact that they involve the addition of macro zmounts of carriér

meterial which may contain impurities which are isotopic with the desired radio-
isotope. In addition, co-precipitation reactions, particularly those involving
adsorption phenoména, are frequently specific only under rigidly controlled
expérimental conditions (62). |

(b) Leaching: The extraction of carrier-fres radioisotopes into aqueousrsolution

from macro quantities of insoluble target or parent material has been used as a
éeparation prccedure in a few cases. These are described in Table‘V° Although
guantitative separations are rarely obtained, the relative simplicity of thé leaching
techniqﬁe‘makes it a useful préctical procedure., Since the cérrier—free radioelement
must éxist, under the particular experimental conditions, as a soluble compound and
must not be preferentiallyvadsorbed or incorporated in the insolublevmatefial, the
separation has had only a limited application,

(¢) Radiocolloid Formation: Carrier-free radioelements under conditions which

normally result in the formation of visible precipitates if a sufficient guantity

of the material is present, may form radiocolloidal aggregates even though the

»sQlubility product conditions are not satisfied. Although the exact nature of
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this phenomena ié not eﬁtirely clear, it has been suggested (52,24) that the radio-
element.becomes:adsorbed on colloidal impurities which are normally present in the
solution. Adsorption may also occur on the walls of the containing vessel. This
phoenomena has been satisfactqrily.employéd in the isolation of carrier-free
radioisotopes of several elements, particularly those forming sparingly éoluble
hydrafédes; an alkaiine'ﬁsolﬁtion" of the carrier-free éctivity ié passed ihrough
filter paper or sintered glass which removes the radiocolloidal material by
preférential adsorption. The invisible quantity of adsorbed radioelement is
washed.with water and then reﬁoved with dilute acid. Radioisotopes which have
been separated using this‘tecﬁnique are shown in Table V. The préce&ure is
particularly useful ih the isolation,of’radioactivé tracers for biologiéal_investi—
gation sinée an isotonic saline solution may be obtained simply by neutralizing

the hydrochloric acid wash. | | |

(d) Electrodeposition: Radioelements which have been isolated in the carrier-

free state by methodglinvolVing electrodeposition reaétiéns include, (1) electro-
negative elements which are reduced to the metallic state by displacement with a
more electropositive element or.by an applied ¢lectromotive force, (2) elements
whighlform insoluble oxides by anodic oxidation reactioné, (3} elements ﬁhich form
insoluble compounds with the electrode material as a result of either cathodiq_qr
anodic reactions. Carrier-free radioisotopes which have been separatéd by electro-
deposition reactions are given in Table V. Separation qf the activity from the *
electrode material, particularly when platinum or other noble metals are used, is
usually accomplished by preferential dissolution of the radicelement. With a
mercury cathode, the separation is convéniently aécomplished by volatilization.

In certain cases, however, the depositéd activity can be removed dnly by treatment
with chemical reagents which react with the electrode méterial necessitating a

subsequent separation to obtain a chemically pure solution of the activity suitable

for use in bioelogical systems.
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(e) Ion exchange: The separation of trace amounts of radioelements by selective
-eiution from ion exchange columns has become ah increasingly important process in
the preparation of carrier-free radioisotopes, particularly in the case of the
cationic fission product elements. Althbugh ion-exchange methods had been previously
used; the séparations obtained were not sufficiently good to warrant the use of
exchange adsQrption phenomena_in radioisot§pe ;eparntiOHJ until th- immortant effect
of complexing‘agents on the adsorption—elﬁtion cyele was recognized. The'necessity
of isolating pure fission products for biological teéting resulted in the develop-
ment of this entirely new technique of ion—exchange.separation which has had its
most importaht application in the separation of carrier-free radioisotopes of the
rare earth elements from fission product mixtures (130). In this work it was found
that a mixture of carrier-free fission product activities adsorbed onto amberlite
or dowex 50 ion-exchange resin could be seledtively éluted'with a diluﬁe agqueous
solution of organic complexing acids buffered to a controlled pH with ammoniﬁm
hydroxide. In a typical separation, a dilute hydrochloric acid solution of carrier-
free fissién products is passed through a column of Amberlite IR-1 or Dowex 50 ion-
exéhangevresin which adsorbé the acﬁivities in a narrow band at the top of the
colurhn° After washing thdroughly with water, ﬁhe carrier~free radioisotopes are |
seleétively eluted with 5% citric acid solution, at a pH of from 3 to 8, depending
upon the type of resin, the rate of removal and the separation desired, _Under
optimum conditions, the method is sufficiehtly precise so thatva guantitative
‘separation of neighboring rare earth elements may be obtained. To obtain the
carrier—ffee radioisotopes in hydrochloric acid solution, the citric acid effluent
is acidified to'reduce.the complexing action of the citrate ion and passed through ;
a second column which readsorbs the activity. After washing with dilute hydrochloric
acid; the activiiy is stripped from the column'with 6 normal hydrochloric acid.
Thé‘ionfexchange technique is the only practical method available for
separating many of the fission produced radiéisotopes in high purity and in a form

which may be used in biological investigation with a minimum amount of chemical
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treatment and manipulation. The important ion-exchange separations are summarized

in. Table V,

(f) Solvent Extraction: The selectivevextraction of a radioactive tracer as a
non-polar compdund or complex from an aqueoﬁs solution by an immissible organic
solvent is freqﬁently the most satisfactory method of separating the activity
ffom ﬁon—isotopiq substances which_may‘be present in either macro or micro concen-
trations. These processes can often be made highly selective. Sol&ent extracﬁion
is glso used to remove macro quantities of non-isotopic substances from an aquedus
' sblution of a desired carrier-free radioelement. This ﬁethodvof removing a macro
constituent from solution is of great importance when separationvﬁy'precipitation
would result in a substantial lossvof thé carrier—free radioelement by co-precipitation.
As a rule, the distribution ratio of an extractable substance is more or
less. independent of the initial cqnéentrat;on, but the fact that é favofable dis—‘
| £ribution ratio is obtained at macro or even micro concentration levels does not
necessarily mean that sub-micro amounts.of the substance will be extractable.,
For example, carrier-ffee radio-iron cannot be»extracﬁed into ethyl ether from
'62 hydrochloric although, as is well.known, the distribution ratio of ferric
chloride-at higher concenprations is sufficiently large to permit the use of
ether extraction as a quantitative separation process. This concentratioh effect‘
has been observed in other cases also éﬁd is genérally asSumed to indicaﬁevthat
the molecular weight of partitiohing substance is greater in the organic golvent'
as a result of polymgrizationo Usuallj, however, carrier-free radioelements at
- concentrations as .'Loxnra.s‘lO'15 M show exﬁraction coefficients which are of the
same order of magnitude as those obtained at the macro level.
A number of organic substances have been used to form extractable non-
polar complexes or chelates with'carrier—fréé rédioeléments, Cbmpbunds which form
soluble non-polar complexes whose d;ssociatiod constants.or pH dependent are particularly
useful in separating a carrier-free radioelement ffom a mixture. Extraction sépara— |

tions are swmmarized in Table V.
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(g) Distillation (volatilization): Carrier-free radicelements which have been

éepa.rabea from soiution,, melts a.fxﬂ. sqlids by volatilization or Tditilla;tion
processss are shown in Table V. It hes been found that the experimental

conditie;ns for the volatilization of & cafrier-_free ra‘diqelement'from sélutions

and meltjs,; ioe;,, from & homogeneous liquid phase, are_rroughly equivalent to those

- found to be optimum for macro quantities of that element, although an inert carrier-
g8 is generally required. In,volaitiliza‘tion separation '-from golids, the rslative -
behé.vior. of @ub-mcfogmm amouﬁta of a radioelement is to & great extent dependent
on the nature of the solid and ite physical stateo" In some ceses; carrier-free |
radiocisotopes of the inert gases produced by transmutation reactione in solids

cen be volatilized only af‘be;r the solid target or parent material has been fused .
or dissolved in agueous solution (53). ' '

Uéd.er proper experimental cénditiéns 9 very shaLrp -geparations can often ‘bé
obtained by volatilization methods. These procedures. are more generally
'a‘.pplicabfle 5 howbevery' to the separation of carrier- f‘re_eb ac-tivitiaa,..t.from..;aomuona
and melt.s than from solids. Axi 1mportant advantage , i,plart.icula.vrly in the isclation
of radioisotopes for bdiological research, is that fhe acﬁivity can usually be
condensed in & small volume o.f water or aqueous solution which cen be used with a

minimon emount of additional chemicel treatment. .



TABIE V

CLASSIFICATION OF SEPARATION PROCESSES USED IN THE ISOLATION OF CARRIER-FREE RADIOISOTOPES

g\J‘\ REFERENCES TO THE DETAILED METHODS OUTLINED IN TABLE Vi ARE GIVEN IN PARENTHESES
Separaﬁion Processes which have been employed
Gas Evolution ,
Co-precipi- Solvent Ion Vaporization Electro-
Radioisotope Produced by tation Extraction Exchange Distillation Radiocolloid Leaching deposition
H Be(d, 2a) (99,67,100) |
Li(n,&)
7 - | |
Be Li(d,n) (24,68) (R4,68,2) _ _ (55)
it B(d,n) (111,12)
14 ’ L
c N(n,p) (112,97,137)
13 : :
N C(d,n) (108,98)
18 ‘
F__ O(a,pn) (53)
. 22,24 o . : e
Na . Mg(d,a) (4) » : (118,27,49,65
Mg A1(d;2p) _ (57)
P’ S(n,p) (16,121) (32,31) (16) . (48)
s C1(d,a) | - o
- ¢l(n,p) (113) _ (134,70,121)
A37 c1(d.2n) (53) |
|___x**% A(a.pn) (102)
ca* se(np) | (74) o | ()
~ Sc(dczp) - N - -
L6 R '
Sc Ti(d,@) (39)
I+8 . ) - .
v “Ti(d,2n) (54)
1 ' _ -
cr V(d,2n) | (44)

b4
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’ Gas Evolution
Co-precipi- Solvert . Ion Vaporization ’ ' - Electro-

| Radioisotope Produced by = tation extraction Exchange Distillation Radiocolloid Leaching depositio
> | Fe(d,a) () | (9m) | | |
> | cr(d,n) (60) (60)
Fe59 Co(d,2p)- (72)
. co(n,p) . '-
W'Co56957,58 Fe(d;xn) ' (94)
Cu6h967' Zn(d,2p) ' | ) | ,
| 2n(n;p) (5) (58,120) | (30)
2 cu(d,2n) | (123) ' (123)
B Ga67 ' Zn(d;xn) ' | ~(50)
Ge7l ' Ga(d;2n) - ](83)
As."n+ .Ge(d92n) 4 ' | (84;85)
Se7"5 | As(d;2n) _(37) 1 - (37)
| 3;80982 | se(dz2n) . (36)
Ke'? Br(d, 2n) | | (53,10)
15385 Rb(d,2n) (101) (101) '
s 2?0 | u(ngf) L 1 a3
r Sr(d,21) | _(80)
L Wi ) - (130,73)
7o) Y(d.2n) (101) | |
7r95 U(n,f) (18,101). (18) (130)
e | Uns) (18,101) (18) |
Mc:-}r - Zf(agé) . o | (124) J




Gas Evolution

v Co-precipi- Solvert - JTon Vaporization Electro-
Radioisotope Produced by tation Extraction®  Exchange Distillation Radiocolloid Leaching deposition
pc?? Mo(d,n) | (93,m
1’ U(n,f) (104). (104)
Ru > U(n,f) (101) (101)
pai? | mn(d,2n) (45) u5)
2g1%%:1%5 | pa(d, ) (59) o
| pali? (51)
g decay
ca a2 | (92)
_ Intllells Cd(a,pn) (91)
I cd(a,xm) ' (124)
o | sna,m) | (o) (91)
. 1e1%75129 | y(n,1) (101) ) (101)
3t Te(d,xn) (101) (105,101)
. U(n,f) (1,113)
At 6 (1,86,113)
g decay
ol I(d,2n) (101,53)
cst ?aiiﬁay | (103)
cst37 U(n.f) (46,101) (103) -
Bt ga(d,2n) ' (81,101)
Bat* U(n,£) (130,119) |




-%.

Gas Evolution

Electro-

Co-precipi- Solvent Ion Vaporization
Radioisotope Prodiced by  tation = Extraction Exchange ~Distillation Radiocolloid . Leaching deposition
Lalho Ba b v '
B8 decay (101) (101) (130,119)
Rare Earths .
Z=58-Z=63 § U(n,f) (130,103,11%).
Rare Earths Z(p;xn) ’V ‘
Z=64=2=T1 (dyaxm)
o (apxn) (135) (135)
1l 775178 FHe(a,m) | (56) (56)
Rel83:185  [qa(a,xm) | (41,43) _|(41,43)
185 ~ -
Os Y w(a,xn) (42)
204,206 :
Bi. s Pb(d,2n) (40)
2 , :
PO Pb(a,xm) |- (95) (95)
Po- Bi(d,n) (95) (95)
At210’211 ' Bi(a,xn) (69,35)




-2 | UCRL-1067-Rev.

Pﬁrity Considera.tiom

Target Materhls and Reagents: In preparing carrier-free radioisotopes of the

stabls elements, caré must be taken to insure that minimum amounts of isotopic
iinpﬁrity ‘am present in 'ﬁhe origiqal target material and in '%he feagents used
in the chemical separations. The pi‘ecautiohs and tech:giqu_es which are uged in
conventional trace analysis (114) to pre%rent chemical contamination ars directly
applicablé , to the problem of preventing stable isotopic c§ntamination in the
preparaﬁidn of qarrier-f‘ree activities. A useful method of estimating the |
amount of 'i,“sgtopic impurity contributed by the targeﬂ mteriél R reagénta and
vessels, is to run a "blank™ on the entire s:epamtion'proceas. Spectrographic
analysisi of the final product will indicate thg ex‘bent_;_of the isotopic contamina-
tion, . T’he a#ailabili‘ty'an& sourcesg of eiements and. compounds in high purity |
forms has been discussed elsewhere .(23)0

Although stable isotopes as well as radioactiy;e__;_:j,goioyes of the desired
element my be produced in the transmutation ree,ctiio'n,-;‘thg, amount .of element
80 produced is generally small in comparison witl; the amount of .stable.,,iédtopic
" meterial thch may be added unknowingly »in the 'sepa‘_ra‘tiqn process. This may be
the cas_evev_evn thoﬁgh the isotopic iﬁpurity cannot be ‘.dev_t_,e.cted using the most
qahéi'tive analytical piocedumso‘ The. onl'y radibieotope preparations which can
be obtained _absolutely»f’x_‘ee f‘rom admixture with stable isotopic material are of
courge those of elements which do not cccur naturally in weighable amounts.
Although there is a certain ambiguity in the term Ycarrier-free™ in descri‘bing
radioisotope preparations of the stable elemen& 9 1t is g?nerally uged, as it
is in the preaent paper, to indicate that sta‘ble isotopic carrier materials
were not added tc facilitate the separation and that reasonable precautions
' Were taken to insure that chemical of maximum purity wero usedo

Radiochomical %ntaminatiom Although many of the possi‘ble sources of radio-

chemical contamination in radioieotope preparatione can be eliminated by & proper

choice of target materials, bombardment energies, separation proceaa s eteco,
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mdio‘éhonﬁcal analysis of the final preparation is usually required. In deﬁermining
‘radiochemical ‘purity, the safest procedure is to employ both physical and chemical
methods, the former based on éongidemtion of half-1ife and rediation character-
igtics and the latter invoiving conventional analytical separations using added
stable isotopic carriers for each of radicelements known to be produced or

suspec ted ‘of being produded under the pai'ticular bo_m'bardmnt_ cqnditiqn employedo
Dstailed procedures for the detection and i&entificatioxi of radiocactive conteminants

have been discussed in considerable detail elsewhere:(17).

Terget _Pmp_aratio_ns:- From the étai;dpoint of yield q_f Aradipactive product psr gram
of _‘bom‘ﬁarde& material, the most deeié‘a‘ble target substance for both cyclotron and
pile bombardment is a single isotope in the elément;al form, This situation is
inf:;;quently realized s 0f course, because most elemsnts are polyj.sotopic and the -
use of eparated isot_ope is usuélly not warranted in the. practical production

of ca;‘rier-fme tracers. In addition, factors other than those based on yield
considerations may be of paramount importence in d‘qtérmimigg the phjical.and
chemical__ composition of target materials. .‘ ‘

Probab_ly_ me most important‘ factor limiting the cholice of cyclotron target
material is thé problem of dissipating the large heat input from the bombarding
beam of particles. With an "internsl™ or "probe" target assembly, which is
supportsd .iﬁgide the vacuum ch‘amber‘of the cyclotron, beam .currents as hvigh as
ons nilliampere may be obtained over sn area of 'approximafély bq5 ch requiring a
plcwer dissipation of ~ hO.kw/cm? for a 20 Mev deuteron beam, Temperature gradients
in the order of 2000°C/mm may be produced under these conditions. Target materials
for prébe»bombardments are limited to pure metalé or metasllic aligys having a high
mel‘_cing point and a high heat conducfivityo Even for these substances the power
dissipation cannot usually be greater than approximately 10-20 kw/cmgo The metals
are generaliy soldered or plated to a water-cooled support which may be made to rotate

or vibrate, thus spreading the incident beam over a larger area {89).
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| with'thev"bellgjar"'targetIassemblyg & fraction of the internal beam is
brdught out of thé’cyclotron vacuum fhrough‘a.thin metal "window" into an external
exclosuréfwhicﬁ can be evacuated or filled with.any desired gaa. The infenaity ‘.
of the emergant been is ﬁsually about one-tenthbof the internal current., Maximum
available"éxternai beam 1ntensitiesvare rarely used except in the bombardment of
very refractory_materials or in the bombardment of m@tals and_metallic alloys
thch have a h;gh thermal conductivity and can be bonded to a water-cooled target

plate, Additionél cooling cen be obtained by passing én inert gas through the
target chamber. Target méterialsrwhiéh volatilize orvd9comPoae to give a gaseous
~ product mst be 1rra¢iated with the external beam. -Mbtal:powdere,»oxidea and
other sqbstanées vhich are hot readily bonded to the’tgrget plate are supported
with very thin metal foils, usuelly of piatinum or tantalum. Many different

target deéigns have been developed for special uses (82, 136, 107, 132).
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- TABLE VI

'OUTLINE OF METHODS FCR THE PRODUCTION
~ AND ISOLATION OF CARRIER-FREE RADIOISOTOPES

. Description of Separation Processes

3

IE

Be(d,t)

Li(n,a)

A

The 35 is ‘released by heating the Be in a sti-eam of oxygen or

LiF in an evacuated quartz tube, The .H3 is condensed as HZO

after passing over hot Cu0 (99,67,100).

hB@.?

Li(d,n)

Be is separated from Li by co-precipitation on B‘e((J»H)3 from

dilute NHhOH ‘solution. The Fe(m)3 containing the Be! 1s

dissolved in 6N HCl end Fe is extracted with ether (24,68).

The L1 is dissolved in H,0. Tne alkaline "solution® is

|arawm through a sintered-glass filter which removes ‘the

397 ‘as adsorbed radiocolloid. The activity is removed

from the glass surface with dilute acid {55).

Be7 is extracted from aqueous solu‘_éion at p 5-6 by thenoyl
trifluoracetone in benzene. The activity is back extracted

with concentrated HC1 (2).

11

B(@:n)

11 11 _ _
C Oend C 0o is expelled from a 3203 target during bombardment.

The ¢*%0 ana 01102 11

condensed in & liquid-air trap (111,12).

is passed over hot:Cu0 and the C 02

N(n,p)

14 | | .
The C O and c_lho 5 formed during bombardment of lthO3 target
solution are removed by aspiration with 002-free air. The

gas is then passed over hot Cu0 and the cll‘o is collected in

2

Ba(OH)2 solution (112,97,137).
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. Ra&i&isotope Produced by v Description of Separation Processes

. W | | R R : o
: - N(Jg;,»p)- Ca(N03)2 target material is dissolved in a vessel filled with

CO,-free air. H

nitretes. HNO

2O 5 ig'éddé& to oxidize #itmgefn o:gid@é to
1s added and the o is trapped in Ba(0H) |

3 2

solution (113).

1 : |
7N . c{d,n) The C is bombarded in & gas-tight chamber., The ¥ released

during bombardment is pumped off. The major part of the NB
remaing in the C terget material. This fraction is obtained

by burning the C target in a combustion tube (108,98).

o0 my be bombarded in en adequately cooled thin-vindow

target to produce an aqueous solutfon of F]'B directly (131,104).

¥ 0(d,2n) Ligquid H

| 2,2 . o
Fa Mg(d,a) The Ha o4 is diesolved out of Mg, _yg(OH)e or Mg(‘,‘o5 almost

quantitatively with water (118, 27, k9).

22,24

Ne does not co-precipitate with _M(mh)2(003)2°h320' (65).

A separation of Na from weighable amountis of Mg may de

obtained using ion-exchenge techniques (4).

1‘ J 27 'Al(d;,2p) The Al target is diasoived in excésvslli'aOHO—-The resuliant
: "solution" is drawn through filter paper which seperates

the Mg27 ag adsorbed rediocolloid. . The activity is removed

with dilute HC1 (57).

15P;2 S(n,p) Pile bombarded S (elemex;tal) ie melted, and at a temperature

of 120-150000', is poured into boiling concentrated HNO3 _vith"

32

stirring. On c:b,oling the IINO3 containing the P is separated
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15

P}Q

Cont'd

S(nyp)
Cont'd

from the S, and filtered. _Fe"_H’ is added and the solution is

made alkaline with NE QOH. The: FQ(OH)S containing thel‘:Péglis

by
d1sgolved in ECl end Fe is extracted into ether. Thé PO°

solution is then pessed through a cation-exchange column (16,121).

(1.e., radium-beryllium or cyclotron). The P

CS, may be used as target material with other neutror sources

52 1 extracted

from CS

, by sheking with dilute m’v% (31,32},

?5 is removed from im&iama CS?,‘by the use of electrodes

immersed in the liquid (48},

.

25

c1(a,a)

Cl(n,p)

KCl, NaCl and "FeC'J.3 are used as target materials. S.e_p_:aravt.ion
of 8 from irradisted KC1 or NeCl is effected by taking

advantage of the insolubility of- these salts in concentrated

HC1. 835 is quantitatively retained in the HC1 solution.

Separation from FeC?J:L3 is effected by sbivexi‘c extraction of

FeCl, from HC1l solutions (131&9709121)0

3

KCl ias dissolved in K
35

20 and a few drops of H202 are added

to oxidize §°° to SOM"o Kaﬂ_' is removed on ion-exchange columm(113).

18k

37 -

c1(d,2n)

The A3-7 is retained in the KCl target materiel during bombard-

ment. Separation is made by fusing the KC1 or by boiling a

'solution of the KC1 in vacuo (53).

19

Khz,ha

A(a,p)

A(a.pn)

A str;am of A is 'bembarde& in a bell- jor target. The wa jor
portion of Khzﬂa settles out ox;_t}h_e;__}lwalls of the 'beli- Jar
and the remainder ié caught in & glass-wool plug ih the gas
outlet. After bombardment, the mlls and the plug are washed

in varm EQO (102} .
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Eocah5 Sc(n,p) The Sc203_target is dissolved in HCl, and reprecipitated as
. ’ h')‘

Sc(d,2p) Sc:(‘(}H)3 with the addition of NH!“OH, ~The Ca ~ in the super-

natant is co-precipitated on BaCO_. Separation from the Ba

3

is effected by taking advantage of the ingolubility of BaC’1.2

in concentrated HCl-ether solution _('Zh-) o

The Sc,(_,o3 is dissolved in 12N HCI1 and the solution is evapor-

ated to inciplent dryness. E,0 1 is aaaea and the pH 1s adjusted

to 4,0 with NaCH. This solution is extracted with 200 ml of

0.5 M thenoyl trifluoroscetone 1n ‘benzene which removes most

h .
of the Sc, ’I’-he aqueous phase con_taining the Ca 2 is ad justed

to pH 8 with NaCH and re-extracted with 0.5 M TTA.- The (3¢a.lpj
in the benzene fraction is back extracted with H2O or dilute

HC1 (9).

goltls 6,17, 48 T1(d,0) |The T metal target is d18s0lved in a minimum volume of

R
containing 3%0% 11202 to give a clear "solution™ of the soluble

Ti(d,2p) EQSOM. The solution is slowly added to excesa 82 MH, CH |

pertitanate,coﬁtaining the Sc activity as radiocolloidel
aggregates. This solution is then drawn through filter paper
vwhich retains over 95% of the Sc activity as adsorbed radio-

colloid, which is removed by treatment with dilute HC1 (39).

W #&(d,zn) The T10_ is fused with a mixture“§f Nagco3 and.NaNOB. The
| th is leached from the fused mese with va,.tero- The alkaline
solution of Vhe:is acidified with HCL and reduced in volume
to precipitate the large excess of RaCl. V"‘8 1s retained in

the supematant (s54).
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2hcr51' :

st

| v(4,2n)

v(p,n)

The V target is dimsolved in HN03°_ The "'solution is diluted

' . +
to 6N and saturated with 802 to insure the reduction of Cr 5.

4+ =+
Fe or Ia = is added and the solution is made alkaline with

Na2003?

golution and Crﬁ% is carried qualitatively on the Ia(aﬂ)se

V is oxidized to goluble vanedate by alr in alkaline

crt 1s separated from the La(aﬂ)s-by a second precipitation

1 .
in the presence of Br_ which oxidizes the e’ to chromate (hl).

2

25

Mnsz,sx;

Fe(d,a)

The Fs target is dissolved in HC1. All but a few mg of Fe is

extracted with ether. The Mno2»5% sn 4pe tetrapositive state,
is quantitatively co-precipitated on-Fe(Oﬂ)j‘with the addition
of ;S GE-Br mixture. Several reprecipitations ars required

4 2
52,5k

to obtain the Mn free from the concurrently produced Co

activities (9k).

Her(a,n).
’tCr(d,an):

The Cr target is dissolved in HC1 and evaporated to incipient
dryness. F‘éC’l3 carrier is added énd the solution is added with
stirring to NaCH solution egturated'with Br,. The Moot 1g
quantitétivelj’éo-precipitated cn the FB(GH)3 which is diwsolved

in 6@ HC1 and extracted with athef:tb remcve Fe carrier (60).

co(4,2p)

éb(nyp)

The Co is dissolved in 3N HRO and the pH of the solution is
3 :

adjusted to 4.0-7.0 by the addition of NHhGH-NBhAcn 1 ml of

a saturated aqueous solution of acetyi acetone is added and
the solution is extracted with xylene. The_organic phasse
containing the Fe59 is evaporated to dfynesso Organic residue

is destroyed by fuming HCthv(TE)o
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i

. 26Fb59 | ICO(d,2p) The Co target is dissolved in HC1. Excess,NHhGH is added and
' the resultant clegr'”ﬂolution" is passed through two consecutive
Whatgan No. 50 fiiter bapers whicﬁ'quantifatively removed the

59

P ' : Fe'~ as adsorbed radiocolloid. The activity is removed from the

filter paper with dilute HC1 (kk),

270055’56’57358"Fé(d,xn) The Fe target is dissolved in HCIZ"'FQ(OH)B is precipitated

with the addition of excess NHhOH:RHhél solution containing
Br, The CooC 1s retained in the supernatant. NH, salts

are destroyéd with HNO5 (9%).

Cu6h’67v

2n(d,2p) | The Zn target is dissolved in HCl, diluted to 5.5N and Ga

' activities are extracted with ether to reduce rﬁdiation hazard
in subsequent manipulations. The pH of the agueocus phase is
adjusted to 1.0-1,2 with FaCH and the c® 1a extracted with
C’C’lh golution containing .001% dithizone. The cel, phase is
evaporéted to dryness and organic material is removed iy

neating to 500°C (58,120).

.Zh(n,p) Zn80) target 1is diasolve&.in water, The (2'116'h is separated

ffom the acidified solution by éﬁaﬁiné“the solution with a

few milligrams of freshly preeiﬁi@g@éd'312353 dissolving the

31283 with HND39 evapofating th;iggiﬁéion to'drynessg taking'

up in dilute HC1 and reprecipitating the Bi as B1(0H) ; with
6k

excess NHMGHO The Cu~  is retained in the supernatant (5).

—

” ZnCl2 target is dissolved in watér;- Cﬁ6h

addition of small amount of Zn whichmig then diésolved in

is concentrated by

acid and Cu6h'is deposited on poliéhéd»?t foil from 0.05N

Hzﬁoh satur%ted»with H2 (30).
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302n65\ Cu(d,Qn)‘ICu target is dissolved in HNOBQ Excess HC1l is added to destroy
HR’O3 and the solution is neutralized to 0.25N HC1 with NHhOH.

CuS is precipitated with BS. 20 18 not co--recipitated.
The supernatant. is adjusted to pH 5-5.5 with NeAc and sufficient
N528203 is added to complex traces of Cu remaining in solution.

65

The Zn ~ is extracted into CClh;solution containing dithizone

and back extracted with .O2N HC1 (123).

31Ga67 zn(d,n) | 2Zn target is dissolved in HC1 and adjusted to 6N, Ga®7 1s

Zn(d,2n) § extracted with di-ethyl ether (50).

7326871 : Gﬁ(d,Qn)‘ The Ga target is dissolved in 48% HBr and the solution is diﬁ-
tilled. The Ge'® is obtained in the first few ml. of the HBr

distillate. HNO},iG added to destroy HBr and the ﬁolution is |
evaporated td incipient dryness. _Hgo»is added and the evapora-

tion is repeatsd to remove traces ovaNO5 (83).

55.As7h _ Ge(d,2n) | The Ge metai-is'diseolve& by refiuxing with;aqua reglie.. Excess

Hél is gﬂded to destroy HNO3 andfeééih:ia distilled from the
solution., The As7h is retainedriﬂlfhé'reaidue as the non-
volatile pentachloride. After éédig;ié completely remo§ed,
HBr is added to the HC1l residue and Asth as the volatile

trichloride, is distilled into HNO The HNO3 solution of As7h

50
is evaporated to dryness {(84,85).

32‘sé75 As(d,2n) |The As is aissdlved in aqua regia. HC1 1 edded to destroy
| exceSs»HNOBO The solution is ad Jjusted to'}ga: Tellurous

- acid cafrier ié added:énd precipitated as Te by passing SO2
through the sélution; 8975 is carried quantitatively. The

Te precipitate is dissolved in HNO50 HBr is added and the

Te is distilled. 8375 is retaihed in the HNO3 residue (37).
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280,82
553? .

_ Se(d92n)

The Br80,82 is volatilized while the Se target is dissolved in

HESOMO ‘
filled with CClhO: A major fraction of the activity is extractabdle

with N’aeso3 solution, Some of the Br80’82

- An inert‘gaa is used to sweep the_:_Br'Bo’82 into a trap

reaéts with and>does

not extract the CCl; (36).

36‘Kr79

- Br{d,2n)

The Kr79 is retained in the KBr'térget material during bomberdment.
Separation is made by fusing the KBr or by boiling a solution of the

KBr in vacuo (53,10).

38

Rb{d,2n)

The RbCl is dissolved in O.1N HC1, Fe015 carrier 1s added and

precipitated with the addition of (NE poB'NHhOH solution. The

8 ‘e h)
Fe(QH)5 containing the Sr > activity is diesolved in 6§ HC1 and

Fe is extracted with ether (101).

89,90
BSST

Uln, £)

"Sr89990 is separated from fission-product mixture by complex

s£89’9° 140

- and Ba are removed

elution from organic zeolites.
successively by 5% citrate at-pEVS (5,150)° (A more detailed
deséription of fission-product separation by ion-exchange methods

.1e given in the section on rare-éarthso)

88
39

Sr(d,2n)

The Sr metal‘is dissolved in dilute HCl., The aolutioh 18
diluted to ~0.5 M SrtF and‘mﬁhdﬁ’ia\added to pE 9. This
"solution™ is then drawn through filter-papef which removes
the Y88 a8 adsorbed radiocolloid. The activity_is removed

with dilute HC1 (80).

-
397

U(n, f)

Y91 is separated from rare—earth.fiesion products by complex
elution from amberlite IR-1 resin with 5% citrate at pH 2.7
(130,73). (A more detailed description of fission-product

geparations is given in the esciiéﬁﬁéﬁirare earths.)
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The szs target is dissolved im HCl, The resuliant solution

1e evaporated almost to dryness and then diluted with ngo
Y is precipitated as the fluoride with HF, A few mi, of
HQSOh,are added and HF is removed by evaporation. The solution

is diluted with water, FeCl_ carriser is added and precipitated

vith N OH, The 2:°

tate is dissolved in ON HC1 and Fe is extrscted with ether (101).

9 is carriednquaptitativelyo The precipi;

Lo

2

" U(n, )

Oxalic acid is used as a specifiémcoﬁbiexing agent to remove

195 and 0595 from mixea-fissioh‘pfédﬁcts on amberiite IR-1

95#C£95

Z
columns - 0.5% oxalic strips Z quantitatively; none
of the trivalent or divalent elemehie'is removed by this

procedure (130).

4

of €7 on Mn0, from 10N HNO

r95 9 daughter by, (a) co-precipitation

éﬁd'(f) extraction of Zr9,5

is separated from Cb

%9 from

'HNO3 or HC10; using themoyl trifluoroacetone (18).,

The bulk of the uranyl nitrateit@yget;matgmialuis?removed by

 ether extraction., To the concentrated solution of fiseion

products are added é few mg. of-Fe0139 hydroxylamine and excess
NHuaﬂo Zr95 and other imsoluble fission products, 1in ‘the presence
of N, OH, are co-precipitated onlﬁheiFe(OH)Bo The U remains in

the supernatant. The Fe(OH)B is dissolved in HC1 and Fe is

1h1,1bY%

extracted with ether. The Zr959 0b95 and Ce are separated

as lodates using thorium carrier. er95-Cb95 are separated from

95

Ce and Th by means of HF precipitation. Cb”” is separated from

the Zr'° by K00, fusion (101).
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95

I ‘Q-CQD

" U(n, £

See'Zr95 progedureso

99
tho

Zr(a,n)

The ZrO2 target is dissolved in the presence of Cb "hold-back"
carrier‘by'boiling in 12§ B,80, down to funing. NaCl and EC1
are added, following cooling and dilution with watei, to bring
the (Hf)'and (1) to 6N, The Mo is extracted with ether

saturated with HC1 (124).

MO(&_',,D)

The Mo target is dissolved in aqua reéia and evaporated to incipient

dryness. The oxide is digsolved in Héioh-HjPOh and Tc95 is die-

tilled with the addition of HBr using & co, carrier gas (7,93).

Uln, )

The U metal is dissolved in 37% HC1 and the UCl is oxidized to

U0_C1, with B0, and Br, at 60°. 'PtClh'ia added and the

2 272
solution is saturated with the H2s at 90003 The Tb99 le co-
precipitated with the PtS, along with other acid insoluble
sulfi¢es of the fieéion products. ihe Pt82 is dissolved in
HQOQ-NHhOH solution, Bfg is addedAah& the soiutipn is qvaporated
to incipient dryness. 18N H,S0, 1s added end the 2. 1s dis-

tilled (104),

97,107
wE

Mo(c,xn)

The Mo target is fused with KOH and KN03° The resultant melt

The basic solution 1e trensferred to a

97,103

is extracted with water.

distilling flask and the carrierufree:Ru is ﬁolatilized

by passing 012 through the solution with heating. The Ru activity

is collected in a trap f"llled.withi?gHC‘I° The distillate 1s

#

evaporated to a small volume, treated with excess XKOH and the

10
Ru97” 5 is redistilled as above (klk).
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103
o

U(n, f)

| expelled, HC10

The U metal is dissolved in HNO, and adjusted to 3N NI

is added and the solution is boiled until all of the iodine is
" is added and Ru'0? is -distilled into 3N HCl. |
The distillate is mede strongly alksline and Ru'"> is distilled

from alkaline solution after oiridation with (‘,'].2 (101) 0

101,102
45

Ru(d ,xn)

The Ru target 1s fused with Ne,.0 énd the melt is digested

272
with HC1. After centrifugation;, the acid solution ia made basic
with KOE and the Ru is volatilized ‘by passing 012 through the solu-
tion with heating. The residue is acidified, 5 mg of Fe is
added and the Rp1015102 . go-ﬁredipifated on Fe(aa')3 with the
addition of KCH. The Fe(QH)3 is dissolved in 6N HC1 and Fe 1is

separated by ether extraction (Lh).

pato’

16

'Bh(dyen)

The Rh is fused with KHSOh and the fused mass 1_5 dissolved in water,

HC1 is added together with mg amounts of PIQSeOh and the solution is

saturated with SO The 'Pdl_oj 1s carried quantitatively on the Se

20
metal. Se is removed by distillation with'HCloh (45).

b8

105,106,111

" pd(d,n)

Ag105 is éeparated by co-precipitation on H32012 vhich is mmoved

by volatilization (59).

111
L7

P dll-l

Aglll is separated from Pd by elec-trol‘yais from 1 M NaQH-

0.1 M NaCN solution using Pt electrodes and a cathode potential of

-10210 v (51)

h80d1°9

Ag(d,2n)

The Ag is diasolved in HNO3 and the solution is evapomted--to'
dryness. The Agﬂd5 and the solution is evaporated to dryness. .
The AgN'O3 con@aihiggithe activity ie dissolved in H20 and the Ag
is complexed with nﬁhcmso The solution is adjusted to H 5 with

sodium aceta%e and the Cd109 is extracted with chloroform c'on?
taining 5% pyridine (92),
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111,114

cala,p)

C&(a,pn)

113

After separation of Sn by dis‘till&tion (see below), the H,ZSO

residus contatning In'1* 15 neutralized witn T, CE. The Fe(0H),
lh
precipitate carries in the In quantitatively in the presence

of the NH CH.

L I"e is eepara‘bed 'by ether extraction (91)

50

n113__ -

| C’d‘(oz.g‘n)' '
cd (x,2n)

T’he Cd ie'dieeolie‘d in HNO3 arid i;he eolution is evaporated to

incipient dryneee s diluted with H O and made alkaline with N OH

2 4
11 11k
after the eddition of I-‘e(:‘l3 The Sn and In are carried on

the Fe(OH)5 precipitate. The Fe(OH) ‘18 dissolved in & minimum »

volume of 36§ H soh and transfez_-red .to an all-glass di’etilling

3
apparatus. v'EBr is added dropwise and Snn'3 1s volatilized at

220°c. The distillate is collected in ECL (91).

120,122
518'b o

Sﬁ(d ;nu)i
‘8n(d,2n)

The Sn target is dissolved in aqﬁe:‘rehg'iao HCl is added to destroy

excess HRO_ and the eolﬁtion is 'e',d,jixeted to O.1N HC1, Milligrem

3

amounts of Cd ~ are added and precipitated with HQS after the

addition of oxalic acid to prevent the precipitation of Snsg.
The cdas ie dissolved in HC1 end-tmnsferred to a distilling flask.
at 200 C.

L
is then distilled with.the gradusl addition of HBr (91).

Traces of Sn are removed by distillation with HC10
gpl205122

‘ Te127v‘9129
52

Ufn,f)'

“in HF,

129

The ‘I‘_e127" is precipitated out of an HC1 fission mixture on

The CuS is dissolved in HNO, and the solution 1s made SN

127,129

Cus. 3

The Te is then co-precipitated on Ru82 The

and the residue is boiled with HC10

is decomposed with HNO3 b

RuS 5

to expel the Ru (101).
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131
53"

Te(d n)
To(d,2n)

The To is dissolved in Cr0,-H,80, solution, Oxalic acid is added
and the I* is distilled into NaOH (105).

#1 is evolved during the disaolution’of Te target in HNOB. The

activity is collected in a trap filled with Cclh and extracted

with e, 805 (._:101_)_°

2

Uln,t)

131

I vaporizes during the solution of U in HN’O3° The vapor ie

131

passed through & condenser and Naﬂﬂ scru.bber° I ie redis-

tilled into dilute NaOH from.nﬁo3-3292. The NaQOH solution of

1
115 is made 20% in Hgsoh and treated with KMnO),. Oxides of

nitrogen are removed by distillatio_n° The residue is treated
with H3P05 and the 1131

solution (19113)o

is distilled into dilute N'aOH-NaQSO3

131

B. decay

The .Te metal ié.fnsed with Nadﬂgh &héifusgd mass is extracted vith
ébter and the washings are transféff;dipo an all-glass distilling
flask. EMi0, is added to the alkaline solution to oxidize :151 Ly
to IO 3280 is then edded followed by solid oxalic acid and the

3L 1y aistilled into dilute Na2SO3 Nazco solution (86).

Te target is dissolved in 18N Hzﬁoh-50$ CrO3 solution. The soiutipn'

18 cooled to 50qc and solid oxalic acid is slowly added. The 1131

is then distilled into dilute NaesOB-NaOH solution (1,113).

X9127
5k

I(d,2n)

The xe127‘1s retained in the KI target material during bombardment.
| , | |
Separation is made by fusing the XKI or boiling a solution of the

kT in vacwo (101, 53).




-b3- | UCRL-1067-Rev.

"Ra” \isotope Produced by . Description of Separation Proceases

131 ' , L ‘ ' o
cs patol BaCl, 1s precipitated from 12N HCl saturated with Cl, at O C.

55
-Ba decay cs1Jl remains in the supernetant., Further purifiéétion is

{obtained by i‘(.a.(OH)3 scavenging _(Bh).

5503137 U(n, ) cetdT 1s separated from the divalent or trivalent fission product

ions by preferential elution frovma a.m'bérli'be IR-] using 0.25N

HC1 (103).

137

lcs is separated from fission mixture by co-precipitation on

Ul C’Ioh from HC10

L

L golutions using absolute alcohol (46).

09157 is separated from a fission product mixture by co-precipi-
tation on sodium cobaltinitrite end- ammonium cobaltinitrite.

The Co is removed as CoS from mhon solution (101).

_133 Cs(d,2n) |The CsCl target material is diAs’orived., in HC1 to pH 2 and the

‘ éoluti;m is adjusted to pH 10 with NHAOH after the addition of |
Fe(i‘l3 carrief, The préciiaitate of F;(Oﬁ) 1'5 washedg dissolved
in HC‘l and reprecipitated with NﬂhOH at pH 5.4. The ]39,15 5 i

retained in the supernatant (81, 101)

Bano Uln, £) After the elution of the rare-earths from Amberlite IR-1 using

5% citrate at PE 2.7, the Sr89 9Oand B&lho are successively

removed by 5% citrate at pH 5 (150,119) .

I.aiho Balho Lalho is sieparated from Ba

1ko 1&0
5742 -1a

mixtures by elution from

B~ Decay |Amberlite IR-1 using 5% citrate at pH 2.7 (150,119).
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57La1ho ' Balhg BaCl2 is added to an Hél-Balho solution and precipitatedvﬁy
' B” Decay | passing HGl gas. through the solution at o°c'° The Bac12'cogta1n1ng
o the Bel*® 1g aissolved in E0. FeCl, cerrier s added and
&- precipitated with the addition of Nﬂhoﬁg The Fe(OH)5 precipitame
b is discarded. After allowing the purified BaCl, to stand for
several days a secon_dvFe(GH)3 precipitation is made which carries
the La;hoc Fe is removed by ethef extraction from QE EC1 (101);.
57-6 | - |
Lalk0 U{n,f) A solution of all fission-produced species in 0.01 to 0.1K HC1
'Prlh3 _ is éassed through an Amberlite IR-1 feain column. All cations
Ndlh? are adsorbed vhile the fission produced anionic elements (Ru, Te,
va1h7 Tc) and eny I présent pass thfough‘acid are recovered in tﬁe
Sm.l51 effluent. Most of the 05157 may be elutpd at thié point by the
Bu'>? addition of 0.25N HCl. The column is washed, and Cb92-zr’” 1
preferentially removed by 0.5% oxalic acid. By using differential
"pH - controlled ammonium éitrﬁte elution, the trivalent elements
are removed'in the order: Y, Eu, Sm, Pm, Nd, Pr, cé,'m@ with
Amberlite IR-1, the eluting agent in general use is h.75-590$ |
. citric acid at a pE of from 2,7-2;95.1vIn practice a group of
geverel elements ﬁay be eluted then readsorbed and fractionated
) under more rigidly controlled conditions (130,103,113).
6h4-T1 2(p,xn) After bombardment, the rare earth oxide 1s dlssolved in HNO, end.
ca Z(d,xn)'_ inscluble matter is removed by.éenffifugationo Carriers for
;; z(a,xn) contaminétins acﬁivities aré.addéé;;#d:the.rare earth fluoride
Ho 1s precipiteted from hot 2N HNO, by addition of HF. The fluoride

I

5

1 dissolved in ENO_-H_BO and,péééipitated as the hydroxide. The

333
rare-earth hydroxide is dissolved in HCl and the solution ise
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64-71

Gd;,Tb,Dy, Ho,

"_Erg ng Yb Lu . .

Z(pyxn)
__(dsxn)

(a,xn)

is adjusted to a pH between 0.5 and 1,5, The rare earth sctivities

‘aro then adsorbed onto Dowex-50 ‘and -eluted with 0.25 M citric acid

adjusted to pH 3.05 with Ni,0H (95,135).

73

a1 178 179

HE(d,xn)

The Hi’02 is dissolved in HKOB-HF solution. HF is'removed by

evaporation with t‘he addition of 16N HNOB-KMnOh ig added and
the Mn02 precipitate carrieas the Ta quantitativelyo The l'frInO2

containing the Ta activity is diseo.’ived in oxalic acid and Mn

is removed by adsorption on A’mberli'be JR-1 or Dowex-50 (56).

g 183,18k

(¢

¥ Ta(a,xn)

iﬂ'(d,m)

The Ta metal target is disaoived in a miﬁimum volume of l@! HI‘IO3
containing 10% HF, The HF is remo;ed‘”'loy volatilizotioh and the

bulk of the tantalic acid is separamd by:centrifugation. The

183’ 184 is quantitatively retained in the supernatanto The HN03-
olution is evaporated almoat to drynees and: t.ransforred to an

183,18h 1s dis-

all- glaas diatilling flask with 36N H soh The Re
tilled at 2h0 C with the addition oi" 9N HBr and co-precipitated
on.CuS after the removal of HBr _&,_I?thNOBo’ Separation from the

Cu 1s effected by precipitating Cu® from alkaline solution (41,43),

The W target is fused with KOH-KZNO3 and the fused maes is oxtracted
with water. The golution is acidified with 16N HNO3 precipitating
tungstic acid which is romioved by vcentrif,ugation, The carrier-free
§0185 518k is isolated from the HNO3 'sui)ernatant using the distilla-

tion procedure described above (11-2))°
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Description of Separetion Processes

The W metal is fused with KﬁH»KR03 and the fused mass is extracted
with water. The solution is acidified with HN’O5 precipitating
most of the W0§ which is removed by centrifugation° The 05185
is distilled from 5K HNO3 and collected in trep filled with

N HRO. .
°N ElO,

Extraction of the ENO, distillate vith ether removes
the 08185 which is back extracted with NeGH (142).

7

15190,152

os(a,xn)

The Os Bowder ia dissolved in agua fééia and volatilized with

The reuidue is fumed with HESOh to

The carrier-free

the addition of excess HNO .

)
remove Re activity and then heated to dryness.
1r190:192 1¢ redissolved in 12N HC1 and the resultant solution is

evaporated to dryness on NaCl (56).

203
82

71(a,2n)

The T1,0, terget materisl is dlssolved in dilute O, 1T 1s
reduced to TLY with S0,. Five milligrams of Fe'™™ 14 adaded and

the solution is made basic with ﬁELonu The Pb°0> 1s co-precipis

teted with the F@(OH)B snd the Fe removed by ether extraction (56) .

20k, 206
gsBt

Pb(d,2n)

1 204,206

The Pb is dissolved in & minimum volume of HNO3 and the resultant

solution iz evaporated to dryness. The Pb{NO )2 containing the

20h 206
is aissolvaa in excess lO% NeCH .,

This "solution” is
drawvn through filter paper which retains over 98% of the Bi
activity asvadmor%ed radioccolloid, Dilute HC1l removes the

quantitatively (4C).
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& |
210 : Z
Po Pb(a,xn) |The Pb target is dissolved in HNO

Pb(NO,), is centrifuged off

tr 5 3l
and the solution is extracted with amyl acetate to remove TIl,

8k

is fumed with HCl. The solution is diluted to 3K and Te carrier
is précipitated with 802 removing At and Po. The Te 1s reprecipi- -
tatel from 6E ‘ECl. TUnder 'these conditions At is co-preciplitated .
é.nd Po remains in the supernatant. Po in the HC1l solution is
extracted with an equal volume of 20$,.tr1buty’1: phoephate in

diethyl ether. The activity is back extracted with }:'1’1103 (95).

Hg and Au. Bi and T1 hold back carriers are added the the solution . \

85A£2109211 ﬁi (z,3n) [A layer qf Bi metal valldyed to a lo'r‘mii thick w‘at.er-coojled Al

Bi{a,2n) targfet‘plate'is bombarded in a"f;ell-‘:)é‘i' target filled with He
' for additionzl cooling and to prevent Eéxidation of the Bi. The
ﬁombarded_Bi‘ is cut from the target féil and At is isolated by

) e ' -
heating the Bi to 425 C. in a stream of N, carrier-gas. - The At

1s collected on & cold-finger cooled with 1liquid air (69,55);




-i8- ~ UCRL-1067-Rev.

Acknowledgment

We wish to tﬁank Professor G. T..Seaborg, Profes‘qor“ R. Qirers_treep,
and Préf’ess_or L. Jacobson for valuable advice, criticism and suggegtioné ’
Mr. J. R, Mason and Mr. A. F. Rupp of the Osk Ridge National Laboratory
for making available to us & series of declassified reports on separation
methods for several of fhe fission;produced 'mdio;ao;opeeg Mr_. Herman R_.

Faymend and Migs Jeanne D. Gile for many helpful dichsions and assistance

. in the lii;erature survey, and the staff of the 60-inch cjclptron at

Crocker Laboratory for much of the information on target design, preparation,

and bombardments. We are also grateful to Mrs. ‘Betty Stallings for her

paingtaking work in the preparatibn of the manuscript and Mrs. ‘_Alber.ta Mozley,

Mrg, Helen Haydon and Miss Margaret Gee for technical assistence.



References

(1) ».

(2) R.

(3) H.
() R.
(5) EH.
(6) 6.
M .
(8) H.
{9) A.

S.

A,

H.

-hg. , UCRL-1067-Rev.

Ballantine and W. E. Cohn, MDDC-1600 (June 1947)
Balomey and L. Wish AECD-2665 (August 19&9)

Barechall and M., E. Battat, Phys. Rev. 70 245 (19&6)

Bouchez and G. Kayas, COmpto Rend. 228 1222 (19&9_)

J
E.
E.

L.

Born end U, Drehman, Neturwissenschaften, 32 159 (1945)
Boyd, J. Schubert and A. W. Adamson, NDDC-708 (1947)

Boyd, 0. V. Larson, and M. E. Molta, AECD-2151 (June 19L8)

Bradt and D. J. Tendam, Phys. Rev, 72 - 1117 (1947)

Broido, .Amcb-2616 (June 1949)

(10) 8. C. Brown, J. W. Irvine, and M. S. ‘.i‘;.?.vi:z:agal‘&;c»ry9 J. Chem. Phys. 12 132 (19hh)

(11) Jo

H.

Buck, Phys. Rev, 54 1025 (1938) _ o -

(12) Caillst end P. Sue,.Bull, Soc. Chim. 687 (1949)

(13) E.
(1) E,
(15) E,
- (16) W,
(17) W,
(18) R.
(19) J.
(20) 7,
(21)“'43’.
(22) 4.
(23) E.
(24) J.

(25) B.
. 1.

(26) L.

T,
T.
T,
E.
E.
E.
M.
M.
M,
M.

H.

B.

Clarke and J. W. Irvine, Jr., Phys. Rev.. 66 231 (19h4)

Clarke and J. W. Irvine, Jr., Phys. Rev. 69 680 (1946)

Clarke, Phyé'., Rev. 71 187 (1947)

Cohn Isotope Branch C’ircularg No. C'«l, U, 8. Atomic Energy Commission (1947)
Cohn Anal. chem., 20 498 (1948}

Connick, W_o H. McVey,, J. Am. Chem., Soe;g 71 3182 (19k9)

Cork, Phys. Rev. 70 563 (19&6)

Cork and R. B. Curtis, Phys. Rev, 55 126& (1939)

Cork and J. Halpern, Phys. Rev. 57 667 (1940)

Cork, J. Halpern and H, Tatel, Phys. Rev. 57 371 (19k0)

Covey, UCRL-266 (March 1949)

Crovwley, J. G. Hamilton;, and »K'o Scott, J, Biol, ‘C’hemo 177 975 (1949)

Cunningham, H° H. Hopkins, M. Linder, D. R, Miller, P. R. O'Conror,

Perlman, G. T. Seaborg and R. C. Thompson, Phys. Rev., T2 739 (191&7)

A

Delsasso, L. N. Ridenour, R. Sherr and M. G. White, Phys. Rev. 55 113 (1939)



-50-  UCRL-1067-Rev.

¢, (27) V. Drebmann, Naturvissenschafter 33 b (19&6) o

(28) Lo_A Du Bridgeg S. W, Barnes, J. H, Buck and. C. V. Btrain, Phys. Rev. 53 hh"( (1938)
(29) R. R. Edwards and T, H. Davies, ‘Nucleonics 2 Lh (1948)

(30} 0, Er'bacherg W, Herr and V. Egidi, Z. anorg. Chem. 26 b1 (1948)

(31) 0. Erbacher, Zeit. Phys. Chem., B.k2 173 (1939)

(32) 0. Erbacher and K. Philipp, Ber., 69 895 (1936)

" (33) K. Gajans and A, F. Voigt, Phys. Rev. 60 619 (1941)

(34) B, Finkle and W. E, cahn, AECD-2556-F (March 1949)

(35) W. M. Garrison, J. D. Gile, R, D. Maxwell and J. G, Hamilton, UCRL-741 (May 1950).
(36) W. M. Garrison and J. G. Hamilton, unpublished data )

(37) W M. Garrisong R, D, Maxwell, J. G, Hamilton, J., Chem. Phys. 18 155 (1950)
(38) S. N. Ghoshal, Phys. Rev. 73 417 (1948)

(39) J. D; Gile, W. M. Garrison and J. G. Hamilton, UCRL-921 (Septem‘bér 1950) -

(0) 4. D. Gile, W. M. Cerrieon and J. C. Hamiiton, UCHL-1017 (December 1950) |

(1) J. D. Gile, W, M. Garrison and J. G. Hamilton, J. Chein."?hyso,&' 995 (1950)
(b2) J. D, Gile,, W. M, Gerrison a.nd.Jo G. Hamilton, Jo Chem. Phye.', 18 1419 (1950) '
(43) J. D. Gile, W. M, Gorrison and J. G. ‘Bamilton, J. Chemo Phys., 18 1419 (1950) |
(44) J. D. Gile, W. M. Garrison and J. G. Hemilton (to be published)

(th Jo Do Gile, H. R, Haymond, W, Mﬁ; Garrisen and J. G. Hamilto’n (to be publi-shed)»‘
(46) L. E. Glendenin and C. M. Nelson, AECD-2556-E (March 1949)

(47) R. H. Goeckermann and I. Perlmn, Phys. Rev. 73 1127 (1948)

.= (48) J. Govaerts, J. Chem, Phys., 36 130 (1939) '

| (49) J. Govaerts, Bull. Soc. Roy. Sci. Liege 9 38 (19k0)

{50) m C. Grehame and G. T. Seaborg, Phys. Rev., 54 240 (1938)

(51)'«70 Co Griess, Jr. and L. B. Rogers, ARCD-2299 (September 1948)

(52) 0. Hahn, Applied Radiochemistry, Cornell University Press (1936)

(53) J. G. Hamilton, unpublished data (1950)
Js G, Hamilton, unpublished data (1942)
J. G. Hamilton, unpublished data (1942}



-

L)

-51~ UCRL- 1067-Rev,

(54) H. R. Haymond, R. D. Maxwell, W, M. Garrison, and J. G. Hamilton, J.. Chem. Phys.
18 756 (1950) : ‘

(55) H. R. Hayumond, W, M. Garrison an& Jo Go Hamilton, UCRL-920 (Septem‘ber 1950)

(56) H.

(57) H.
18

(58)- 5.
BT

(59) H.
JD

._ (60) H.

(61) M.
(62) c.
(63) .
(64) J.
(65) 4.

R.

Haymond, W, M, Garrison and Jo Go Ha.milton (to be published) |
Ro'Ha;;;mond, Jo Z. Bowers, W. M, Garrison and J. G, Hamilton, J. Chem; Phys.,
1119 (1950) ‘ - o
R Ha.ymcmd,9 R. D, Maxwell, W. M. v.Garriaon and J. G, Hamilfon; J. Chem. Phys.,
901 (1950} ‘
R. Haymond, K. H. Larson, R, D. Maxwell, W. M. Garrison and J. G. Hamilton,
Chem. Phys., 18 391 (1950)
R, Hayﬁoﬁd»- W. M, Garrison ana Jo. G, Hamilton, UCRL-lO}} (December 1950)
C. Henderson, Phys. Rev. L8 855 (1935) |
Hevesy and F. H. Raneth, Radioactivity,Oxf'ord ﬁniversity ?ress (1938)
G. Hurstg R. Latham and W B. levis, Proc, Roy. Soc. A 17k, 126 (19h0)
W, Irvine and E, T. Clarke, J. Chem. Phye., 16 686 (1948)
WQ.IrVine, Jr. and E. T. Clarke, J. Chem. J?hys;° 16 686 (1948)

(66) Isotopes Division, Atomic Mergy COmniesion, Oak Ridge, Tenn., Catalogue No.3
(July 19%9) . .

(67) L.
(68) L
(69) G-

" (70) M.

(71) E.

- (72) A.

(73) B.

- (T4) g,

(75) E.
(76) J.
(77) R.

(78) R.

(79) R.

Jacobson, R. Overstreet and J. G. Hamilton, ‘unpublished data (191&3)

Jacobson and R. Overstreet, unpublishéd ‘data (1_9h3)

L.
D.

L.

John_son, R. F. Leininger and E. Segré, J. Chem. Phys., 17 1 (}91&9)
Kemen, Phys. Rev., 60 557 (1941) o | | |
Kelly and E. Segré, Phys. Rev. 75 999 (19&9)

Kenny, W. R. E. Maton, and W, T. Spragg, Nature, 165 ‘1»83 (1950)
Kettle and G, E. Boyd, J. AmQChe_m,, Soc. 69 2800 (1947)

Khym, P. C. Tompkins, W. E. Cohn, MDDC-1214 (August 1947)

Klema and A. O. Hanson, Phys. Rev. 73 106 (1948)

Kraus and J. M. Cork, Phys. Rev, 52 763 (1937)

Krishnau and E. A. Nahun, Proc. Roy. Soc. A 180 333 (1942}

Krishnau, Proc. Camb. Phil. Soc. 36 500 (1940)

Krishnau, Proc. Camb. Phil, Soc. 37 186 (1941)



_50- o UCRL-1067-Rev,

(80) J. D. Kurbatov and_M;.’H, Kurﬁatov. J. Phys. Chem., _1&_6 k1 (1942)

(81) M. H Kurbatov, Fu-chun Tu and J, D. Kurbatov, J .,. Chem. Phys., 16 87 (1948)
(82) ¥. N, D. Kurie, Rev. Sci. Tnstruments 10 199 (1939)

(85) H. Lanz, K. G. Scott and J. G. Hamilton, unpublished data (1948)

(8%) H. Lanz, Jr., P. C. Wallace, Jd. Go Hamilton, University of Cslifornie. Publications
in Pharmacelogy, 2 263 ( 1950) ’ .

. (85) H. Lanz, Jr. and J. G. Hamilton, MDDC-1596 (January 1948)

. (86) ﬂo levy, A, S. Keston, and S. Udenfried, J. Am, Chem. SOCoy 10 2289 (191t8)
(87) W. F. Libby, J. Am. Chem. Soc. 69 2523 (1947) - o
(88) M. Lindner end I, Perlman, Phys, Rev. 78 199 (1956)'

(89) M. S, Livingston, J. App. Phys,. 15 128 (1944} |
(90 R. §. Livingston and B. T. Wright, Phys. Rev. 58'.'656 (19%0)

(91) R. D. Maxwell, H. R. Haymond, W. M. Gerrison and J. G. Hamilton, J. Chen. Phys.,
: i7 1005 (191&9) : ,

(92) R. D, Maxwell H. R, Haymond, W. M. Garrison and J . G, Hamilton*, J. Chem. Phys.,
. 17 .1006 (19&9) i SR L .

(93) R. D, Maxvell and H. R. Haymond, unpublished data (1948)

(94) R. D. Maxwell, J. D. Gilé, W. M. Garrison and J. G. Hemilton, J. Chem. Phys.,
17 13k0 (1949) . o | | A | -

(95) W. N. Meinke, AECD-2738 (October i9h9)

(96) W, -H;'mews'ens, Phys. Rev. 51 626 (1957)

(97) L. D, Norris and A. H. Snen, Science 105 265 (1947)

(98) T Ho Norries S. Ruben and M. D. Kamen, J. Chenm. Phys., 9 726 (19&1)
(99) R. D. “Neal and M. Goldhaber, Phys. Rev. 57 1086 (1940)

(100) R. D. O'Neal and M, Goldhaber, Phys. Rev. 57 1086 (1940)

(101) R, Oversﬁ*eet,, “Lo -Jacobson and J. G.°Hamilton, MDDC-1275 (1946)

(102) R. Overstreet, L. Jfacobson and P.  R. Stout, Phya, Rev., 75 321 v(l93+9)
(ios) G. W, Parker and P. M. Lantz, AECD-2160 (Juiy 1948)

~ (104) G. W. Parker, J. Reed, and J. W. Ruch, AECD-20h3 (June 1948) -

(105) I. Perlman, M. E. Morton and I. L. Chaikoff, Endocrinology, 30 487 (1942)



&

-53- . : UCRL-1067-Rev.

(106) Plutonium Project, J. Am. Chem. Soc., 68 2411 (1946)
(107) A, F. Reid, Rev. Sci. Instruments 18 501 (1947}
(108) . Ruben, W. Z. Hassid, and M, D, Kamen, Science 91 578 (1940)

(109) S. Ruben and M. D, Kamen, Phys. Rev. 59 349 (1941)

(110) 8. Ruben and M, D. Kamen, Phye. Rev. 60 537 (1941)

(111) 8. Ruben, M, D, Kamen, and W. Z, Haseid, J. Am. Chem. Soc., 62 3kh3 (19&0)
(112) S. Ruben and M. D, Kamen, J. App. Phys. 12 31 (1941)
(113) A. F. Rupp, private communcation (April 1950)

(114} E. B. Sendell, Determination of Traces of Metals, Interscience Publishers, Inc.
(19L14) . _

(115) G. T.. Séa’borg, Chem. Rev. 27 199 (1940)

(1163 G. T’o Sea’borg end I. Perlman, Rev. Mod. Phys. 20 585 (191&8)

(117) B, Segrég R, S. Halford and G. T.. Sea.‘borg, Phys. Rev,»55 321 (1939)

(118) E, Segré K. R. MacKenzie and D. R. COrson, Phya. Rev., 57 1087 (19&0)

(119) 7. Schubert and J. W. Richter, AECD- 1986 (May 1948)

(120} M. 0, Schultze and €. J. Simmons, J. Biol, Chemo, w3 97 (191:,2)
(121) Science 103 703 (19&6_) R
(122) L. Seren, H, N. Friedlander and S, H. Turkel, Phys. Rev. 72 888

o (1235 fo ‘R, Stou% :Sri;'aw co@micqtian k

(124) P, R. Stout, W, R. Meagher, Science, 108, 471 (1948)

' (125) C. V. Strain, Phys. Rev. 54 1021 (1938)

(126) L. Szilard and T, L. Chalmers, Nature, 134 L62 (195#)

(127) H. E. Tatel and J. M. Cork, éhye; Rev. ‘_7_;' 159 (1947)

(128) G. M. Temmer, Phys. Rev. 76 b2y (1949) |

(129) B. L. Thornton, Phys. Revo 51 893 (1937)

(130) E. R. Tompkine;, J. X. Khym and W, E. Cohn, J. Am. Chem. Soc. 69 2769 (1947)

(1%1) J. E. Volker, Jo Co Hodge, H. dJ. Wilson, and 8. N. Van Voorhis, J. Biol. Chem.,
134 535 (1940) : :



R

. “UCRL- 1667-Rev.

(132) A. S. Weil, A, F. Reid, J., R. Dusning, Revo 8ci, Instruments 18 556 (1947)
(135) V. ¥, Weisskop? and D, H.,IEwing,, Phys. Rev. »57 k72 (19&0)

(131&) M. B, Wilk, Can. J. Reseaich, 27 475 (191&95 | |

(135) G. W. mlkinson and H. Hicke 5 ?hys. Revw B 1370 (19h9)

(136_) R. Ro Willon and M. D. Kamen, Physo Rev, 514 1031 (19BBl

(137} R, E, Yankwich, G. K. Rollefson a.nd T. H. Norris, J. Chem. Phys.,, pL] 131 (19140)



