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I. Introduction v o VR
| - In the geparation and use of.radioacﬁive eubstaﬁceelit'ie fre@ﬁently-
'neressary to isolate “ad101sotope p”epafatioos which do not ”ontain detecLable
amounts of stable_isotoplo material, These pye aratlooe;“ueu&;ij desigﬁ
by the ﬁerm "carrier—free”9 are produceé‘prineiﬁally by néoleorvtraqemutation :
reactions% Since transmutation products are general}y obﬁainedfin amouhta B
-which'are detectable oniy by their.chéractefietic.nuclear@radia ticns, vonventlonoi
inorganlo Bepafatlon p“oceduves are asaally\not alreculy appiicab¢c and specla¢
methods must be employedo Many of these methods were0or1g1na;1y'deve;opea‘1n
the 1nveetlgaoion OI ‘the naturally raa*oaﬂtlve elem.entso Even priov to tne
general acceptance ¢of ~the tneo“y of 1sotopy9 a great deal of 1nformation had
already been‘obtalned‘on the chemical behavior of unweigheble emounﬁefofhthe“"
short-lived radicelements including methods-fofipheir eep#ration‘and igolagionE:
Although few generalizations wefe then‘poesibies_the-iﬁt:é@ﬁction ?fyﬁﬁéﬁ

disintegration theory which was soon followed by the arrangement of the radio-. =

elements in the periodic tablie rapidly resulﬁed in e‘faifly_comprehensive_:_"

#This document 1s baeed on work performed Lnder Contraﬂt No° 7&09 eng-hB-A fbr tn
Atomic Energy Commission.

.

1 Non-transmutation nuclear reactions @ay alsc be used tO'ffoduee car?iér—free;
ra&ioieotopesa A successful separation_in caSes ﬁhere the ﬁaréetlaﬂd pfo&uct‘are
isotopic depends on-the-removal-o; the radioactive nacleue‘from 1ts chemlcal bond ﬂ
in ‘the target or pareﬁt compoand asg. a. result of isomerlc nransitlon (;6 17) or

recoil (il,15). These methods although of considerable theoret;eax interest are

at present not generally pracitical for the production of carrieréfreevtracerso
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understandiné“of"nany of:the unique}chemicalg physical and biological'properties
of unweighable amounts of the radioelemente found in the natural decay series.
Prohablys however, the most extensive developmente 1n the chemistry
of the radiocelements in extreme dilution have followed the discovery of artificial
radioactivityo‘ The development‘of the cyclotron and the chain-reacting pile
resulted in a tremendous increase in the number and availability of radioisotopes
thet can e produced in the carrier—free stateo And with this, tnere has been
a corresponding increase in our undérstending of the fundamental principles of
the separation!proceeseso Manp new teohniquesyparticularly adapted to carrier-
free radioieotope separation, have been developed. These techniques andzthose”
’previously employed in classical radiochemistry have been succeesfully uged in-
the separation of oa.rrier-fﬁe radioisotopes of most of the .sta'ble elenients and
in the discovery ané preliminary cnemioal 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, furdamentally
important to most investigatlons involving those radioelements?“either artific-
ially'prbducedvor‘naturally occorringp of which no stableiisotopes have 5een’found '
in nature. The fact that these substances are normally encountered onlyﬂin
inrisible amounts'neceosarily delimits the type of chemical technique which can o
be employed in thelr manipulationo The isolation of carrierefree radioieotopes
of the stable elements also is important in several widely differing fields of
researcho. In chemiatry they have been used to investlgate9 (a) the chemlcal
propertises of‘the elements at extreme dilution, (b) adsorption pnenomenag.and
(c) the properties of radiocolloids, in adaition to (d) their.use as tracers
in many chemical problems.in which high dilution factors are important | Carrier-
,free radioisotope preparatlons are also desirable in certain types of physical
measurement for example, in the characterization of low-energy nuclear radiationsg

the use of,a "mass-leas” source is important ‘to insure small eelf—absorption and in
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maes'speohrogfephic deterhination o% nucieaf propeftieeNodiohhaih‘afmaxdmum
senaitivityo ' ” . o o R B

| ) The widest use of carrler—free activ1ties ehd orobahly ohe o; tne hoqh ;
elgniflcant is thelr 8pp;168ti0ﬂ o hioxoglcal and meeical research‘slhee tnesewi s
prepe“atlons may be added to- blologlcal sys+ems w1thoutAchanging the‘maaa oh o
Conoentration of the stable e;ement or compound already present Thie situatlon
is extremely deslrabley for.e%empleg in metabolic studiesg ia the 1nveat1gation of
trace e;emenh functions and in the use of radioisotopes as in vivo radletion
sourcesou An dmportant oed1ca1 prohlem invohviog the metaboilsm of oarrier-free
radloisotopes has resulted from the quantlty production of plutonlumu The need
for investlgating the rad10tox1oologica1 hazards of the flSSlOn products and of
the tren;uranium ehementop neptunlum and piutonlumg has necesaitated the biologlcal
teatiog ef eaeh of the IaleiSOqueS in the cairler—free form in which 1t WOULd f
e encountered in the plutonlum prucess; Because of the 1mpor tance of evaluatlng

the health hazarus of these meterials a great deal of 1nformatlon has heen obtained

on the metabolic propertles of the rad101eotopes produced in f15$10n, o

<

IIOW Qources of Carrler-Free Radlolaotopes
The chain- reacting pile and the cyclotron are the only practlcal sources'
of carrier—free radlolsotopes although a few ugeful radloisotopes are stl I obtalned

from the natura °cay eerieso The importaot nuclear 1eact10ns for each of these f5

modes of productlon are descrioed briefly belowo

Pile Reactloﬁa° Neutrons at plle energ1es produce Iadioiaotopes in the carrier-

free state by four main types of nuclear. transmutation reactionso

(1) Nuclear f1851on In the comprehensive 1nveetlgation of the radioactive

spec1es formed 1n the f1851on of uranium mo e than 160 redioactive isotopes have
been identified ranging in tne case of U235 fission from Z = 30 (41nc) to Z 65
(ewropium), and from A = 7? to A 158 As a reeult of the fact that “the neutron.
exceesAof.U235 is.considerably greater than that required for atability in the |

figsion-preduct region, the primary‘fiasion-product nucleilachieve stability through
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successive B decay giving rige to fisaion'nroduct chains. The radioisotopes

in each chain, their relationships, thelr mass 8591gnment and ylelds have been
determined in moet cases (1, 2) Although these radloisotopes are by-products

of normal pile operationp only & Few have halftlives eufficiently 1ong to warrant
4heir routine separation° The major radioactive fission products of half-1ife
greater than one week are described in Iable I° Most of these are available in
carrier—free form from the Isotopea Diviéion9 Atomic Energy Commission;'Oak
Ridge;’Tennessee (3). |

~ (2) Neutron capture (n,y) followed by B emisaion; With the exception

of the (n,f) reactions, the (ngv) reaction is the most important source of
carrier-free radioisotopes in the pile. Although the tan)ﬁreaotion-alone resuits
in the production of radioisotopes which are isotopic with the target elenent
and hence not separable in the carrierufree state, it may be nééd to produce |
carrier-free radloiqotopes if the produot 1sotope decayu to give a radloaotlve
descendant

Table II descrihes the oarrier-free radioiaotopes which are routinely g
nroduced‘in the pile using'this type of n&clear 1eaction. The,activation crosa
section‘of;the target igotope and the‘characteristics'of'the“raaioactive descendant

are also listed.

(5)(&) Neutron capture with proton and alpha partlcle em1651on9 (n,p)(n ;)

reaction: o
A few important (n ,p) and ( ,a) transmutation reactions are posaible with

pile neutrons. Theee are confined to the prodnotion of radioisotones of the

lighter elements because only a negllglble fraction of plle neutrons have energies

sufficient to overcome the potential tarrier to change partiole en}ssion above

Z =20, Resonances in certaln ‘miclei also permit ( 5,p)‘and (n a) reactions to

proceed with neutrons of loﬁ'energy; Table II llsts the radlorsotopes whlch are

produced by (n,p) and (n;a) reactlon in the pile.
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TABLE I

MAJOR RADIOACTIVE FIQSION PRODUCTS OF HALF—LIFE GREATER THAN l M (l 2 3)

Energy (Mev) ,"ﬂiw' Relative

Rédioi‘sofope' L Half;Life_» o ,A Bets T amma - Yield (Curies)*
e ; : 554 — ERY: | - nome :l;q,-,,w.,,.
sr?° | 30 y o 0.65 a none '  - o035 -
1 57 4 :;‘_ | 1.55 | ,nQFe B '15é5
zr” - 65 a - 0. 59h(98%) - 0.73(93%) ‘-"_1,55

op??

35 a 0,154 S0 1
2% one® y 032 mome  0.7x107
e N R 0.3 (959) 056 o
mi® 105 . r0.03 o ' ‘n9ﬁe - - 0.065°
el . 90 a R  “ 4 0,§86 f"; 3f7¢;pd?5 '
e 129M 1.32 d V‘I,Ta . ,' O,iOE_' | vO}b3"
Lt S 8a 0.35;0.60 0.63;0.36;0.28 t6;¢65
137 |

Cs /l53 y o 10.55;0.84 . 0.66 ""1'.__‘§oi¢3é;ﬁ

p®0 250 - 105 O=529'-"" S35
™ m 4 o6 o2 a0
Celhh 2B a ) - ,i :Qéj o hoﬁe B Y‘T'Q;ég?;
prll3 15 g S 085 - " neme oy
Nalt7 L1 090- ]3'5: 0:55 v 02

T -3y ©0.22 . nome C0.Ik

~

*Relative amounts of fission products co- existing one month from the end of a

, several-month exposure. Ref. (1)

0%,
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TABLE “II
A- CARRIER-FREE RADIOISOTOPES PRODUCED IN THE PILE
" BY {(n;7y) :REACTION FOLLOWED-BY DECAY (2y33h) v

Thermal Neutron Activation
Target ~--Percent -Crogs Section (Barns) . Half—Life of

Rad101sotope Héi;QLife Tsotope ‘Abundance . Tsotope Natural (n,vy) Product

33 2eTT o £w;f"qé76 65 o ’?:'0;085"" 0. 0055 Coaew

i1 e 5 a7 TR N ) 6 4

45 T L'§5¥.d m® 5.8 - Q°i5 o 2°8d

43 e '904%;05y“ | yb98 - oams 06 67 n

w5 Rl 57 n mlO% 1827 o 0.122 h.bh

gttt 7sa w0 135 T o 0.05% % m

s1 el o7y ~ gnl2h 6.8 " os7h 0,039 9 m

55 1121 g.oa 130 352 o.222 S 00735 25 m

55 caldl 10.28.  Bal®  o.101 S | o 12.0d

59 pritS 15 9<1 - celh? Cong 7 mom

61 pnld7 3, 7y jal46 16.5 R S 1.0

6 L9 | h? o Nalhg‘ A' | 68 T | R

&l 2y =4 sy 110 2 m

79 Aul99 " a3 pel98 7.2 3.92 022 3w

8y P20 140 a B9 100 0,015 0.015  5.08

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

Radioisotope . . Half-life . Produced by - Reference
52 . 12y Li(n,@) . _ (55357)  »
ct # o ;'51601 §‘ B ) Ma,p) . (64,65 ,66) |
P32 14,3 o s(ﬁgp) o u(?ég79986,81982)
S | 87.1a - Cl(n,p) (83,84,79,67)
s® . 18 a Se(n,p) (87,88)

-y QQ"Z
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Cyclotron Reactions’
The cyclotron is the only source of a large number of" ueeful carrier-
free radioisotopes which are not avallable Trom pile gources (2 5) " In addition,

although’a'desired-radioisqtope may be produced in the p;les»halfblife'and .

other technical 11mi£ations may nake cyclotron.irrédiatidn the'moré‘pracﬁical“"ﬂiu

method of production.

With the exception of the (n,f) reaction, charged particle bombardments
differ from plle reactions in the greatex probabillty of concurrent reactions° i
Thig ig particularly true at the higher hombardment energies° 'W;ﬁh 20 Mev -
deuterons, for example, three and occasionally four :adioactive‘eleﬁehts;may
be produced concurrently from the target element (8). At*enéfgieé’éoﬁsidéfably
higher than'this (W 100 Mev)>é wholé specfrum of transmutgtiqn'producfg”are
observed. |

Reaction products covering & range from fhe'regioﬁﬁof“thé-térget

nucleus down to nuclei about 20 mass units lighter are produced by bombaidment

“#ith particles heving energies in the hundred million volt range (Q;ib,lhO)L" To

indicate thesé reactions in which excited nuclei are degraded by"ibéinQZOnéfbr'“b
mbre‘nuciéons}”the term spallation has been suggested. - Tﬁe majbrit&'af*tﬁé'arti-
ficially pro&u"ced tracers are ﬂip’roduced' by the relatively s“,imp_le' réaétiqné’ involv1ng
the emission of not more than three or four nublearjﬁartiéles?:

Becéuse of the great variety”of nudlear:transm#tation reactions:(2;5Y'
which can be brought ébout by deuteron, proton and élﬁha'ﬁaftiéle:qubardﬁent,

it is frequently possible to produce a deéired-radioisotoﬁé:by gseveral different

types of nuclear reactions. In determining the particular reaction-to be

- employed, several factors must be’considered,:including (1) ‘the ‘yield of the -

desired redioisotope, (2) the relative yields of -the possfblé concurrent side
reactions, (3) the problem of the ultimate chemical separations of the desired
product, and (4) the' chemical and physical limitations which must necesserily

be imposed in the choice of target meterial for charged ﬁé?ticle bomberdment.

946 008
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Considerations (1) and (2) are discussed below and (3) and (k) are covered in

the seciticn.on separation procedures.

Deuteron Reactions =~ . : - S sy

i f??f§r fhé‘prﬁdubﬁippyof,mahy usefﬁifradioiéoﬁébes;in‘thévcérriér-freeﬁv-
stateiphe.reactipn types (d,q)(d,Ep)(dyn)(dyEn),are ‘the most important. . The
(d,a) and (d,2p) reactions are most useful in producing radioisotﬁpes of lower
C?tpmiq‘number_because.of the pétential barrier to chargedAparticle»emission

which increases with atomic number. Although the yield of. these reactions increases

with deutéronﬂenergyg at the higher enefgies‘the'(dsn) and (d,2n) reactions become
relatiye;ysmqrg;impo:tant for the elements of higher atpmic nunber. - The (dyap)
reaction is .relatively unimportant in the production of practical amounts of
radioisotopes a;though the_poséibility of thia reactioh mnst be considered as ér‘
gource of radiocactive contamination, | |
... In practice, the above transmutation reactions and the non-transmutative

(dgp)freaction\a}l occur cpncurrently;with”reactionvprqbabilities determined by

the energy of phe‘qubarding dauteronland,by the atomic number of the target nuclei.
The .reaction probability (ov) of comé@ting¢reagtion types and their'enérgy:dependencé
(thin7tgpée£ yields) have been determined for a number of target elements using the
..gtacked- foil technique (30)0,‘Nuclea? reactions for which excitation functions:

(0w versus E) have beeﬁ:detprmined are listed with refere_nces'in_,Table'III° In
radioisotope prodﬁction by chafggd particle bémbardment the target is generally
thick‘enoughitofgbsorb the gntire’beama Thick target yields may be:obtained by‘/
graphical integration of the particular excitation function involved (30), although
usually they are obtained @ifectly'from thick—targqf bombardments. Available -
thick-target yields for charged particle reactions are given in Table IV.

Alpha ?article”(ﬂel}gmuion) Reactions

‘Alpha-particle capture. followed by neutron emission, (ayh)(a,Zn)(apin)

reactionp,ismugeful_in the production of certain fadioisotopes, particularly of

Ghe heavier!elemghtgafrThe principal advantage of thie type of reactlon is the

" double increment in atomic num,bero The (a,xn) reaction is important, for example,
2 4L g
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in the preparation of radioisotopes of astatine (Z 85) because the only practical
target element for this reaction is bismuth (z 85) The reactions of the type
{a ,p)and (a gpn) &re more probable w1th elements having low atomic numbers because
\of the potential barrier to ‘charged particle emlssiono' Excitation functions for
alpha-particle reactions,are included in Table III,"Thick target yields are given

in Table IV,

Proton Reactions

A1l of the transmutationbreactions_induced_byénroton bombardnent can
e duplicatedé_as far as carrier-free.radioisotope production‘is concerned 'bj
deuteron bonbardmento Deuterons’ are usually favored over protons because of
general operation considerations and because higher energies are more readily
obtainedo Yield data for a few proton reactions are given in Tables III - IV, ;
TABLE III
EXCITATION FUNCTIONS OF TRANSMUTATION REACTIONS

TABLE OF REFEBENCES.

Target Reference Transmutation Reactions S '% _Max;_Eneréil(Mev) L
c (33 - . c(amNt j' I o
(3 Nmpclymast o i
o (26)-‘]" - o(p,m)F® , ST oy
o () meam® s
6 meam®®
AL () a@ep)me o T T 11+
8 (48) ; S(n?piPBQ _ ~];ﬁd Iiu' 45 3:. i<>i5l8n?"“
-“ol - (b2) Cl(npp)s35 : | ;‘:‘ ?'» S
G2 ea@e®
e @) mwe® e

2%4(;: {}i()“;}"
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Transmutation Reac ti ons
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Mo :(eh) _
@)
(32)
cu(2)
e
()
ECE
e '(25)" .
s (25)
(36)
Br '(30)' |
‘Rh’ (37) |
Pa o (BB)
ag - (36)
()
(89)
(51
Mmoo 7
- (39)
Pb. (38)
Bt (35)
(39)
(50)
o
- giiwn”

‘24&6

%i(hO)t .£¢;;§

Ni(p,n)C

‘zn(p,n)ca
" Zn(p,n)Ga

‘Se(p,n)Br

~ Ag(a,xn)In

Fe(d n)Co55, Fe(d a)Mn52 " ' -

RV

61 62 6
Ni(ps_n)cu6h
Ni(d,n)cu6l

cu(p,n)zn’?

; Cu(dyZn)Zn63

cu(p,n)za5>

cu(a,2n) 263,85 cu(a ) N3
: 6h;,68g70 :

68,70

80,82

se(p,n)Bro0s82

o

106

Rh(a,n)Ag s Rh(a, 2n)Ale5
Pa(d, n)AglO6°‘Pd(d en)A3196_
T AR(d;) 2n)Cd1079109 |

" Ag(a,n) 1% ag(a, En)Inlll

109,110,111 -,

In(a,n)8b118; In(a, 2n) 8611 7; In(a, 30) b 110

Au(d,En)Hgl97
T1(a,n)Pp200

Pb(a,n)5: 207

Bi(d,n)PoglO

Bi(d,n)PotO

210, 208 - -

;B1(d,3n)Po
oy

Bi(d, n)Po
Bi(d n)

Bi(ag2n)At2ll;Bi(a93n)AtglO

Max, Energ’_y;(Mev)'

A ((; ;:

100

it Borlg ot iy ey

65

5

63
16

L
1k
635
i
6.3
h.0o
13.5

- 19

19. . ‘.
.57

38

O WO O 0. W

19
14.5
38
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TABLE v A '

A— THICK TARGET YIELDS OF SOME ARTIFICIAL RADIOELEMENTS -Refo (70)

ey e Lo
5 :

‘ Yields ‘are given in'terms of microcuries per microampere hoursQ‘ The term;{'>
microcurie refers to the absolute number of disintegrations per second of the o

artificially prepared radioelement° 5 7 X th disintegrations per sscondov This

definitiong howevery does not apply to those radioelements whose yield values are

' euclosed in parenthesis since they are all substances decaying by K capture and

Ee o
<

the measured radiation contains varying proportions of x-raysg gamma rays, and
internally converted electronso In such instances9 the value of the microcurie
iz a comparable one and simply indicates that the amount of ionization produced is ::;:
'equivalent with the measuring device employed to that from one microcurie of’the "
raoioactive standardo A Lauritsen electroscope'with a thin—walled aluminum window :
was emplOyed for thesevmeasurements° The total air equivalent of the- window together'
with the distance of the sample from the instrument totalled h cm° The instrument "
was calibrated by means of le standards which were covered with a sufficient

’ thickness of aluminum £oil to screen out most of the soft le’ betas and approxi-
ikmately 15% of the more energetic UX2 beta particles°‘ “The values presented in the
%ftable include yields for deuterons at energies of 8 lh, and 19 Mev, and helium .ions at |
38 and bb Mev°> The last column gives the factor of the differences of: isotopic ' o
:ahundances of,the target materials. This correction was not applied to the yield
data In the case of dlhp the value given is a calculated one assuming a bombardment‘
of 100 gallons of saturated solution of ammonium nitrateo.,The accuracy o£ the.u‘
' underlined yield values is believed to be accurate to'plus or minus 25% Those

Kl
v

not underlined are subject to much greater error.




Isotope
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Reaction

TABLE IV, CONT'D
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"Yield in e per: ua Hro

14 Méev 19 Mev: 58 Mev hh Mev

D.

18
L Be'
6 cll
6 Clh
7 ﬁi5
11 a2
11 Na ¥
12 Mg®!
15 p3°
116 8

17 0138
19 ¥42

19 Kh2

19 K
20 Cah5
o5 Y

26 Fe59~
26 Feo-

27 0057
29. cut*
30 70
33 AsTh
3T Rb

y2

86

Half-Life

25,000 5
9ﬁ§3@f ;L
5y

1:.8 1

ng%oofm .

1?J{i{i -

24 n

‘%10 4

b7 &

270 ’dflel
1281

256 4

16 4

19.5 4

12,4 b
180 @

‘ u :;";y\ .

Rediations

BTy
Mg-d-a
Na-d-p

o
s

B'sv'

BT
By
By

B Y

F'e" d__-a

Li d 2n

B—d-n :

N-n-p

C—q{n

. Mg-d-p
P- d— p:

cl-d-a

 Kdep
A-a-pn
Ca-d-a

R

Cl_d-p . ot U ..

R

Fe d p‘&”

F?'@f .ﬁ[

Cu-d 2n

Ge-d—n

Rb-d-p

’Mn d-2n

, Cu d p ”'._ '

-—

h.3

= & B 0

|

1

1.

1.5

1.h

1.1

360

*Calculated from known neutron ylelds andgeribr N in a Baturated solution of NHhNO»'of
100 gallons. 5
5 GAi8
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o2 e .. . -Yield in pc per pa EHr.
"+ Isotope Haelf-Life. Rediations Reaction . 8 Mev' il Mev.''19 Mev 38 Mev Ll Mev
S N PR SR - D P TP @ T al

;- LI
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. TABLE. IV

7 B THICK TARGET YIELDS FOR SOME NUCLEAR REACTIONS .
... OBTAINED WITH 1l MEV DEUTERONS (Ref, 22) !

: vl " e i ‘ o L
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III. General Considerations in Carrier-Free Radioisotope Preparationo TYpes of

{"

Separation Processes

~ Although the detalled methods which have been deireloped for isolating

carrier—free radioelements are extremely varied and depend on. the particular

) problem at hand, all are based on a relatively few general types of separation

processes; (a) co-precipitation, (b) leaching, (c) radiocolloid formation9
(a) electrodeposition9 (e) ion-exchange (f) solvent extraction, (g) distillation -if:
('volatilization)° Each of these 1s discussed briefly below in terms of its |

applicability-to the problem of isolating unweighable amounts of the probe carrieré’

free radioelement or compound of the element in agueous solution at a pH range

of 3 to 8, This criterion has been adopted for two - Teasons. First, because the,..

most extensive use of carrier—free radioisotope preparation is-in biological and.

- medical usage for which it is usually desirable to obtain radioactivities of :

’ extremely high chemical, radiochemical and isotopic purity in isotonic solution -

of sodium chloride, sodium sulfate or other non-toxic salta Second because these

Aspecifications are generally high enough to meet requirements of almost all other

types of investigation requiring carrier-free radioisotopeso

(a) Co—precipitationc The separation of'sub microgram.quantities of radioelements

from solution by means of non-isotopic precipitates usually}involves a subsequent

separation of the radiocelement from the carrier precipitateoh It is desirable,’
therefore, to use as co-precipitating agents, substances which can be easily
separated with a minimum amount of chemical and physical manipulation° True ,
co—precipitation processes (6, 7), (1.e., those cases ‘in which the radioelement
because of similar chemical properties 1s incorporated in “the precipitate through

isomorphism or mixed crystal formation) although to a 1arge extent extremely

o reproducible and independent of precipitating conditions are not of great practical

importance particularly in the: isolation of radioisotopes for biological research

The inherent difficulties involved in the subsequent separation oijthg chemically '
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similar radioelement and precipitant frequently more than offset the desirable features
of co- precipitation prOcesses° This factor has, howeverg become somewhat less

limiting with the development of the ion exchange technique (108)

B ot
g e
B AN

More generally in the separation of carrier—free activities apuscavenéiné“
type of precipitation reaction is employed In these cases; the radioelement is
carried down as a result of adsorption phenom.ena° Although preczpitation reactions -
of this type are quite sensitive to ‘changes in experimental conditions and are not -
asg specific as two co- precipitation reaction, they have the important advantage in

that the scavenging precipitate can usually be chosen g0 that 1ts subsequent separation

“from the carrier-free radioisotope involves a minimum amount of manipulation.

Table V. is a resume ‘of some important co- precipitation - scavenging types of
precipitation reactionso A serious- disadvantage of co—precipitation processes in - - -
general is the fact that they involve’ the addition of macro amounts of carrier
material which may contein impurities which are isotopic with the desired. redio-h“.
isotope., In' addition, co-precipitation reactions, particularly those involving
‘adsorption phenomena9 are frequently specific only under rigidly controlled
experimental conditions (7)

.(b) Leaching° The extraction ‘of carrier-free redioisotopes into aqueous solution

from macro quantities of insoluble target or parent matériai has’ “been: used 88, 2. e
separation procedure in a fev cages, - These are described in Teble V. y Although
Aauantitative separations are rerely obtained the relative simplicity. of the leaching
technique makes it a userl practical procedure° qince the carrier—free radioelement
must exist, under the particular experimental conditions9 e @ soluble compound: and
must not be preferentially adsorbed -or incorporated in the insoluble material; the
separation has had only a limited applicationo-” & |

{c) Radiocolloid Formationa Carrier-free“radioeléMente»under conditions which

normally result in the formation of visible precipitates ifa sufficient quantity ‘

of the material is presentp may form radiocolloidal aggregates even though the
)
solubility. product conditions are not satisfied° Although the exact nature of
i o , o
P&xG q ‘ .

R U



for use in biological systemso;'
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this phenomena is not. entirely clearg it has ‘been suggeated (6 58) that the radio—
element becomes adsorbed on colleidel impurities which are normally present in ‘
solution., Adsorption may also occur on the walls of the containing vesselo This

phenomena has been satisfactorily employed in the‘isolation of carrier-free -

i radioisotopes of several elements£> particularly thooe forming sparingly soluble

hydroxides, an alkaline lolution of the carrier—free activity is passed through :
filter paper or sintered glass which removes the radiocolloidal material by
preferential adsorptiono The invisihle quantity of adsorbed radioelement is
washed'with water and then removed with dilutevacidsd RadiOisotopes whichnhave’i

been separated using thia technique are shown in Table Y- ; The procedure ia

iparticularly useful in tha isolation of radioactive tracers for hiological investi-

gation since an isotonic saline solution may be obtained simply by neutralizing .
the hydrochloric acid wesh.

(a) Electrodeposition° Radioelements which have heen 1|olated in the carrier—

free state by methods involving electrodeposition reactions includeg(l) electro-’v

negative elements which are reduced to the metallic state by displacement with a -

C

. more electropositive element or by an applied electromotive forc09 (2) elements

vhich fbrm insoluble oxides hy anodic oxidation reactionsg (5) elements which form

insoluble compounds with the electrode material a8 8 rasult of either cathodic or i fh'

-anodic reactionss Carrier—free radioisotopea which have heen separated by electro-

deposition reactions are given in Tahle Vo Separation of the activity from the fﬂ
electrode material particularly when platinum or other nohle metals are usedp is‘h“A
usually accomplished hy preferential dissolution of the radioelemento With a

mercury cathodeg the separation is conveniently accomplished by volatilizationojl
In certain case:y howeverp the deposgited activity can be removed only by treatment
with chemical 1eagents which react with. theelectrode material necessitating a l:’ﬂ«ﬁ

subsequent separation to ohtain a chemically pure solution of the activity suitable"”

96 018
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(e) Ton exchange: The separetion of trace amounts of radicelements by selective

elution from-ion exchange columns_has become an exceedingly important process in
the preparation of carrier-free radioisotopes; particularly in the case of the
cationic fiseion product elements.  Although ion-exchange methods had been previously*§5
used, the separationsohtained were not sufficiently good to warrant the use of
exchange adsorption phenomena in radioisotope separationa until the important effect
of complexing agents on the adsorption-elution cycle was recognized. The necessity
of isolating pure fission producte for biological testing resulted in the- develop-
ment of this entirely new technique of ion-exchange separation which has had its '
most important apblidation in the separation of carrierkfree radioisotopes-of the ‘i_»
rare earth elements from fission product mixtures (108) In thie work it was found
that a mixture of carrier—free fission product activities adsorbed onto amberlite
or dowex 50 ion-exchange resin could be selectively eluted with a dilute aqueous
solution of organic complexing acids buffered to a controlled pH with eammonium -
hydroxide. In a typical eep'aration9 a dilute hydrochloric acid solution of carriera._
free fiseion producte is passed through a column of Amberlite IR-1 or Dowex 50 ion-
exchange resin which adsorbs the activities in & narrow band at the top of the
columm. After washing thoroughly with water, the carrier-free radioieotopes are‘
gelectively eluted with 5 percent‘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 conditionaa9 the method is sufficiently precise so that a quantitative ”
geparation of neighboring rare earth elements may be obtained. To obtain the |
' carrier-free radioisotopes in hydrochloric acid solution, the citric acid effluent‘i
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‘hydrochloriei
acid, the activity is stripped from the columm with 6 normal hydrochloric acid. |
The ion-exchange technique is the only practical method available for
separating many of the fission produced radioisotopee in high purity and in a form

vhich may be used in biological investigation with & minimum amount of chemicel
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" less independent of”ﬁhe initial concentration, but the fact thet a favorable dis--

'Qy hydrochloric although, as is well known, the diatributiop ratio of ferric .:

has been observed in other cases also and is generally asguﬁéd to indicate that. -

:samb order offmagnitude ag those obtained at the macro 1evei°1

polar complexes or chelatea.with carrier-free radioeleggnts; Compound® which form
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treatment and ‘manipulation. The important ion-exchange separations are sumarized - -

4

in Table v .

(1) Solvent.Extractionz- The»§e1ective extraction.of_a_ra&ioactive-tfaéerias~a.-v~7'3?'
non-polar compound or complex.from an aqueousg solution by -an immissible organic:-

solvent.is frequently the most satisfactory me thod oflsepafating the activity:

- from non-isotopic suﬁstancgs which may be present in either macro ror micro concen-

trations. .These processes can often be made highly selectiveg Solvent~exiraction o

is also used to remove macro quantities of non-isotopic substances from an-aqueous.

o ) ! {
solution of a desired carrier-free radioelement. This method of removing a macro . ..
constituent from solution'isuof great importance when separation by precipitation-.
would result in a substantial loss of the éa-rrier—free' radioelement by co-precipitation.

..Ag a ruley:the distribuﬁion ratio of an extractable substance is more or °

tritution ratio is oﬁtained at macro or even micro concéntrétion levels.does not:

necessarily meanithat sub-micro emounts of the substance will be extractable, & -

For example, carrier-free radio-iron cammot be extracted into ethyl ether -from

chloride at higﬁer concentrations is sufficiently large to permit the. use: of - .

ether extraction as a quantitative seyaration.processo This concentration effect -

the molecular weight of partitioning substance is greater in the organic solvent.

as a result of polymerization. Usually, however, carrieruf;ee radioelements at- e
concentrations as low as 10'15.M show extraction coefficients which’aferof‘the ' St

A pumber of organic substances have been used .to form extréétable}noh-u* L

solublcﬂnon-polar.cpmplgxqs vwhose dissociation constants or pH dependent are ‘particu- ' °

larly ugeful in separatihg a carrier-free radioelement from a mixture. Extraction =

geparations are summarizéd in Table V }
paret g 226 G20
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(g) Disﬁill&tion (volatilizat;on): :Carrierzfree‘radioelemcnts whiéh have been
.sepdrated from soiutiOnsp melts and;solids by volatilization or distillation.
processes are shown in Table v . It has been found that the experimental
génditiona-for'the voiati1izétiop of a'carrier-freé radioelement -from solutions Peosiont
and méltsp i.e., from a homdgéneouévliqﬁid phase, are‘roughly equivalent to those
\ fbund to be optimum for macro quantities of that element; alfhough an inert cerrier-
gas 18 generally required. In volétilization separation:from éolidép the relative )
5ehavior of sub-macrogram amounts of a radioelement is to & gréatvextent dependent
on the nature of the solid and its physicel state. In some cases, carrier-free
radioisotopes of the inert gases produced by transmutation feactions in -golids
can bé volatilized only after the solid ‘target or parent ﬁéterial has been fused
or diésglﬁed in aqueous solution (85,,105)’°

Under proper expérimental conditions, very sh;rp~éeparétions can often
be obtained by volatilization methods. _Thesé proceaures are'mofe generally
applicable, however9~to the separétioh of car?ierufree éctiﬁities from solutions

R .

and,mglts thean from e:olids° An 1mportant advantaggg particularly in the isolation
of radioiaotopeslfor ﬁiologic&l rebggrchp iﬁ that the activity.cén ueuall& be

condenged in a small volume of water or aqueous eolution,whiéh can be used with a

minimum smount of additional chemical freatment;»
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Purity Considerations

Target Materials:and_heagents:,‘In preparing‘carrier-free radioisotopes'oi‘the‘
stable‘element99 care mustvbe‘taken to insure that minimumiamounts of isotopic :
‘impurity are present in the original target material and. in the reagents used

+ in the chemical.separations,‘ The precautions and techniques which are. used in
:conventional~trace analysis (12) to prevent chemical contamination<are directly n
;’applicable to the problem of preventing stable isotopic contamination in the

" preparation of carrier-free activities° A useful method of estimating the -
mwﬁotmﬁw@iw@ﬁjm@ﬂmdetmtuytmmﬂﬂym%wmaﬁgiﬁ
vessels, is to run a "blank” on the entire separation processo' Spectrographic

‘analyeis of the final product will indicate‘the extent of the isotopic contaminag"

'tione"The'availability and sources of elements and compounds-inihigh purity
: forms has been discussed elsewhere (ll) | l
Although stable isotopes as well as radioactive isotopes of the desired
' element may be produced in the transmutation reactiong “the. amount of element
g0 produced is generally small in comparison with the amount of stable isotopic
“material which may be added unknowingly in the separation procesgn, This may be
 the case even though the isotopic impurity cannot be detected using the most '
sensitive analytical procedures° The. only radioisotope preparationswhich can
'i‘be obtalned absolutely free from admixture with stable isotopic material are of .
- course those of elements which do not occur naturally in detectable amounts°
' Although there is a certain ambiguity in the term carrier-free in describing
- radioisotope preparations of the stable elementsp it is generally used as v
~lis in the present paper, to indicate that stable isotopic carrier materialsb'
' -vers not‘added.to facilitate the separation and that wb‘.r‘»eas‘e:;‘vn;zx“bleY’.prer.‘jai,‘ltiom'l:.(
vwere taken to insure that chemicals of maximum purity were used°! |

Radiochemical Contamination:' Although many of the possihle sources of radio-:

)

chemical contamination in.redioisotope preparations can be eliminated by a proper

- choice of target materials,-bombarded energies;'separation.process9‘etccg_

A A
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radiochemical analysis of the final preparation is’usualiyrequi‘red° In determining
radiochemical purity, the safest procedure is to employ both physical and chemical
methods, the former based on conaideration of halfLTife and rediation charaoter-
istics and tho 1atter involving conventional analytical separations using addod )

L

stable isotopic carrlers for oaoh of radioelemonts known “to be pvoduced or e
suspected of being produced under the particular bombardment conditions employed.
Detailed procedures for the detection and identification of radiocactive contaminants

have been discussed in considersble detail elmewhere (23).

Target Preparations: From the standpoint of yield of rediocactive product per gram

of bombaraed‘materia19 the most‘desirable target substance for both cyclotron and-
pile bombardment is a single isotope in the elemental form, This situatioﬁfis
infrequently realized, of course, because most elements are polyiSOtopic ond:the
use of geparated isotopes is usually not warranted in the practical production
of carrier-free tracers. In addition, factors other:than those'based on yield
considerations may be of paramount importance in determining the physical and
chemicai compogition of target materials.
frobably the most important factor limiting the choice of cyciotroh'térgot o

material is the problem of dissipating the large heat input from the bombarding
beam of particles. With an "intema_i“ or "pz;obe"l target és'sembly,, which is
gupported inside the vacuum chamber of the cyclotron; beam currents as high as
one milllampere may be obtained over an area of approximately 0.5 em2 requiring a
power dissipation of Mo kw/cm for a 20 Mev deuteron beamc Temperature gradients
in the orﬁer of 2000°C/mm may be produced under these conditionso Target materials
for probe bombardments are limited to metals'or_metaliic compounds having a;high |
melting point and a high heat conductivity. ‘Even for these.substances the yower
dissipation cannot he greater than approximetely 10~20”kw/cm?° The metals are
generally soldered or plated to a water-cooled support which may be made to rotate
or vibrate, thus sproading the incident beam ovef 2. larger area (13).-

With the "pell- jar"® targot agsembly, a fraction of‘tho internal bcom is
brought out of the cyclotron vacuum through a thin metal fwindow" into an external

" T e
e GRY
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°4excloaure which can be evacuated or filled vith any desired gaa; ihefintenaitj;;:i'ij‘
- of the emergent beam is usually about one-tenth of the. internal current 'Maximum

' available external beam inteneitiea ‘are rarely used except in the bombardment of

very refractory materials or in the bombardment of metals and metallic substancea
‘,which have a high thermal conductivity and can be bonded to a water-cooled target:u

o plateo Additional cooling.can be obtained by paa-ing an inert gaa through the

“ target‘chamber° Target materiale which volatilize or decompoee to give a gaseoua_
'product must ‘be irradiated with the external beamo " Metal powder89 oxidea and |

other aubstancea which are. not readily bonded to the target plate are supported

with metal foils - generally of platinum or tantalum Many different target

"deaigna-haye,been.developed for special uses v(18 19, 20 21)

TABIE VI

. OUTLINE OF METHODS FOR THE PRODUCTION
AND ISOLATION OF CARRIER FREE RADIOISOTOPES

Radioiaotope ?roduced‘by_ : _ :Deacription of Separation Processes.
i‘faH3; i Be(dfaﬁ) 1 The 33 1s released by- heating the Be or: LiF in an evacuatedfiﬂ L
‘cLi(nga) - quartz tubeo The H5 is condenaed as Hgo after passing over;'

hot CuO (55 56, 57)

[
. J

- Be 'Li(d,n), : Be7 1s separated from. Li by co- precipitation on Fe(OH) from'

dilute mhon solutiono The Fe(OH) containing the Be7 is

diaaolved in 6N HCl and Fe ism extracted with ether (58 59) -

The Li‘ia‘dissolved'inwﬂéo The*alkaline«ﬁaolution"‘ia

drawn through a aintered-glaas filter which removea the -

7

Be ' as adsorbed radiocolloid The activity is removed>‘1

from the glass aurface with dilute acid (60)

U206 0628
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Be ! 1s extracted from aqueous s@lﬁtion_at_pﬁ 5-6 by thenoyl

trifluoracetone in benzeneo‘ The activity is back extracted

v
P P T 1’.’ Rl ey
1}\:"4" AR Wi R £ 50 o

with concentrated 301 (61)

11

B(d,n)

CllO is expelled from a 32 3 target during bomberdment. Thei

1 “ . ; , -
Cc lO-is passed over hot CuQ and condensed in a liquid-air = -

trap (62,63).

14

N(n,p)

‘The c*0 ana clhozfoqmea during bdmbardment,,of.muwo5 target .

golution are removed by asﬁiration with 002-freg,air°“»The
gas is then passed over hot Cu0 and thevclhoo,iS’collectedwin-

Ba(OH)2 SOlutiop (64,65,66) .

Ca(NOB)E‘target material-iszdiséblﬁed in a vessel:filled with

CO.-free air. is added to oxidize nitrogen oxides to

2 B 05

HNO3 is added.and the Clho

nitrates. | 5

is trapped in Ba(OH)V9

solution‘(67)o

N

c(d,n)

The C is bombarded in a gas-tight chamber. The'N_]‘5 releaaed
dufing bombardment is pumped off°~'The,major part of théJle

. f . . . i h
remains in the C target material. This fraction is obtained

by burning the C target in 2 combustion tube (68 69)

.18
F

O(G'spn)

O2 gas 1s bombarded in & gas-tight chamberq The'Fls_condenses

out on the walles and is remOVed by‘washing with water (7(5)o

-0(d;2n)

solution of FIO

E,0 may be used as a target material to produce an aqueous
directly, This target material, however,

limits the beam intensity to & low value (71

| Mg(d,a).

The Na2292h'is dissolved 6ut of Mgog M’g(O‘H)2 or.MgC.‘:O3 almost

quantitatively with water (72,73,74).
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i‘Description of Separation Processee

4

Na?eégh'does'not oo-trecipitatefnith”ﬂétdﬁ‘5'(db’):ghﬁ oA(?5);

j &

o 22 ’ '
A separation of Na from weighahie amounts of Mg may be .

obtained using ion-exchange techniques (76)

B

Cal(a,2p)

‘I The A1 target is dissolved in excess NaOH The resultant )

: solution is drawn through filter paper which separatea

the Mg 27

With dilute HCl (77)

as adsorbed radiocolloid The aetivity is removed

P32

A stirringo On cooling the HNO

Pile bombarded S (elemental) is meltedy and at a temperature
of 120-150 C.; ‘im poured into hoiling concentrated HNO3 with

05 containing the P52 is separated

from the Sg and filteredo Fe 44“ is. added and the solution 1is

. l
:

.made alkaline with NHhOH The Fe(OH) containing the P 1

dissolved in HCl and Fe is extracted into ethero The P32

solution is then paseed through a cation—exchange column (78 79) .,

R ng may be used -ag target material with other neutron sources-

y

(1. e°9 radium—beryllium or cyolotron) The ?59 18 extracted

from CS by ahaking with dilute HNO (80 8;)0‘

Piziis‘removed from irradiated;d82 by'the.use'of‘eleotrodee

{ irmersed in the liguid (82y. e e e

‘101(d9a)-‘

'C1l(n,p)

, KCl NaCl and F’e(‘}l5 are sused as target materialau Separation

of 835 from irradiated KC on NaCl is effeoted by taking

advantage of the insoiubility of theae salts in HCI ’ S35 is

‘quantitatively retained in the HCI SOiution Separation from C

_1Fe01 is effected by aolvent extraction of FbCl from HCI

3 | ‘ £
solutions (83 8h 79) : LT
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-KCllis dissolved in H;O and a few'drops of HxOs are added

to oxidize S°° to SOh:;:K+ is removed on ion-exchange column(67). "

37

o
Cl(d92n)

N . -i;‘x,v ;' B é . } .
The A§' is retained in the KCl target material during bombard—
ment. Separation is made by fusing the KCl or by boiling a

solution of the KCl in wvacuo {85).

g3,

A(dgp)

A{a,pn)

\ stream of A is bombarded in a bdell-jar target. The major
portion of_Ka29%§ settles out on the aallb of tha-bellljar'
and the remainder is cauéht in a'giass-wool plug in the gas
outlet. -After bombardment thﬂ walls and the plug are waesghed

in warm.HgO (86)

Ca

e (n,p)
30(d92p)

The ch 3. target'is disaolved.iﬁ‘HCI and repfecipitated as
Sc(QH) Wlth the addition of NHhOH° The CahD {n the super-
{natent is co—precipitated on Ba005?- Separation from the Ba
is effected by taklng advantage of the insolubility of BaCl

in concentrated HCl-ether solution(B?)

The 80205 iaddissolved in 12N HC1 and ‘the solutioo is evapor-

ated to incipient dryneaso H20 is added and the pH is adjusted .«‘
to 4.0 with NaOH° This solution is- extracted with 200 ml of

0.5 M thenoyl trifluoroacetone in benzene which removes most -

of the Sco The aqueous ‘phase containing the Cahp is adjusted

to pH 8 with NaOH and re- extracted with 0.5 M TTA The Cahs
; in the benzene fraction is back extracted with H20 or
dilute HCL (88). | o

Ry T ¥

PR

i,‘:&.'

[a®)

o3k

Ti(dﬂa)'

- (4,2p)

The Ti metal target is dissolved in a minimum volumc of
H250h° The solution is slowly added to excess. 8N NHhOH

containing 30%hH2024topgive”awolgar 'solution” of the soluble
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' pertitanate containlng the Sc activity as radiocolloidal

aggregateso_ This solution is then drawn through filter

';‘f’d radiocolloid which is removed by treatment with dilute

lmer o). S

o

T4(a,2n)

1 48
V -is leached from the fUSed ma-s With watero

solution of th

| the" supernatant (90)@;

The T10 ’ The

2

is fused with a mixture of NapCO5 and - NaN05°
The alkaline

is acidified with HCl and reduced in volume

to precipitate the large excess of NaCl VAS

J

is,retained in

3§

paper which retains over 95% of the Sc activity as adsorbed o

R l'
Crs,

d&(dpghfd

V(Ppn) .' .

A 1.
- solution and Cr5

The V target is dissolved in HNOBQ

Fe'

The solution.is diluted

‘ to 6N and saturated vith QO2 to insure the reduction of Cr 50

-

- or La is added and the solution is made alkaline with

NaQCO3 v is oxidized to soluble vanadate by air in alkaline
is carried qualitatively on the La(OH)

3
Cr5 is separated from. the La(OH) by & second precipitation

51 -

in the presence of,Bro which oxidizes the Cr’™ to chromate°(9l)

o2

FIA

; ‘Fe(dsa)y )

ihe Fe target is dissolved in HClu

52,5k

extracted with ethero- The Mn in the tetrapositive state

is quantitatively co—precipitated on. Fe(OH)B withwthe addition

of NHMOH-Br mixture. Several reprecipitations are required-

52,54

to obtain the Mn free from the concurrently produced Co

activities (92)° S "f"" é

All§bdt“alf°ﬁ mg'of*?e'isv-'

- o _Cr(dgasj
032 o |

*C,l”.'(,dp?)?f

,drynesso

' ,..stirring to NaOHésolution,saturated with Br,

The Cr target is dissolved in HCl and evaporated to incipient
FeCl carrier is’ added and the solution is added with

3
29 The M’nso’5h

which is

quantitatively co-precipitated on the 're(oH)5
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-

‘dieaolved in 6@ HC1 and‘ektraoted with ether to remove Fe

_ |carrier (93). ;
) - ) PRI Cea N .‘f RVSESS % . (f
Fe59 | co(a,2p) The Co is dissolved in 3N Hmoj,and the pH of the EOlution is

Co(n,p)' ad justed to 4.0- 7 0 by the eddition of NH OH- NHhAc 1 ml of

b
1a saturated aqueous solution of acetyl acetone 1s added and fv
the solution is extrected with xylene, The organic phase
containing the Fe is evaporated to dryness. Organic

residue is destroyed by fuming HClO# (94,

Y

£099556:57:38| pe(a,xn) The Fe target is dissolved in HCL.. Fe(CH), 1s breeipitated

Br,. The co0 1s retained in the supematant° M, selts

2
are destroyed with HNO. (92).

3

with the addition of excess. NHhOH NHhCI solution containing o

o567 | 2n(a,20) . |The zn tergst 1s dissolved in BC1, ailuted to 5. il and Ga
activities are extracted with ether to reduce radiation haaard
in subsequent manipulations. The pH of the aqueous phase is
adjusted to 1.0-1.2 with NaCH and the Cu6h is extracted with
CCly, solution containing -001% dithizoneo The C'Clh

evaporated to drynels and organdc material is removed by

b
. W

© Jheating to 500°¢C (95996)0

phase 18 "

Zn{n,p) _ ZnSOn target is dissolved in vater, - The_0u6h is separated

from the acidified solution by sheking the solution with a

few milligrams of freshly precipitated Bi S dissolving'the

39
Bigs5 with HNOB;‘evaporating the solution to drynessg taking
- Jup in dilute HCI and reprecipitating the Bi as Bi(OH)3 with

' jexcess NHhOHu The Cu6h is retained in the supernatant (97).
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Zn012 target is dissolved in watero Cu6l‘L is coneentrated by
o addition of small amount of Zn which ig then dissolved in

g 64
acid and Cu- is deposited on polished Pt foil from O O5N

Hesoh saturated with H (98)

———c—
KN

Zn” - | .cu(d,2n) Cu target fs dissolved in HNOBO Excess HC1 is addedito S
‘ destroy HNO and the solution is neutralized to O 25N HCl i

| with NHhOHo CuS 18 precipitated with BS. 2o 65 18 not

co-precipitated The supernatant is adjusted to‘pﬂ 5-5,.5

with N&Ac and sufficient Na2820 is.added to complex traces S

of Cu remaining in solutione. The Zn is extracted into

CClh solution containing dithizone and back extracted with

)

02N EC1 (99).

Ga = ,' Zn(dyn), 7n target is dissolved in HCl and adjusted to 6No . 67 is

(d,2n) . extracted with ether (200).

GeTt ‘Ga(d,Zn) , The Ga target is dissolved in h8% HBr and tne solution 18 dis-
. tilled The Ge71 ig obtained in tne first few ml of the HBr.

distillate HN‘O5 ig added to destroy HBr and the solution is

_evaporated;to incipient;drynessr HEO is added and the evapora-»{

tiOnvis repeated ‘to remove traces of’HNo%Eihl)oa,

7

 As ‘ée(d;Qn) The Ge metal is dissolved by refluxing with aqua regia° Excess

. |BC1 is edded to destroy, HN'O3 and GeClh ig distilled from the

L
solutionu TEhe.As7 is reteined_in the residue as the non-

volatile pentachlorideo After Ge(flh is completely removed
) HBT 1a édded to the HCl residue snd As7hg ‘ag the. volatile S

: trichloridey is distilled into‘HNQBO The HNO3 solntion of As7h

is evaporated to dryness (101,102). .« o e
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se? | As(a,2n) The As is dissolved in aqua regia, HC1 is added to destroy

T A

excess HNan The solution is adJusted to 3N. Téilurous

acid carrier is{gdd@d-&n@.pre@ipi;a%ed as Te by pgssing 80,
through,the solution. _Se75 ig carried quantita.tiirely° The
Te precipitate is dissolved in HNoaa- HBr is added and-the -

Te is distilled. 8675 ig retained in the‘HN'O5 residue (103), -

Br8°98? Se(d,2n) The Br80982 is volaﬁilizgd'whilevthe Se target is dissolved

in H,S0,. An inert gas 1s used to sweep the Br 80,82 4t

a trap filled withCClho A major fraction of the activity
' S - . 80,82

1is extractable with NaESO5 solution. Some of the Br .

reacts with an unidentified impurity in the C,"Cl)4 (104) .

&4 Br(d,2n) The k19 is retained in the KBr target material during
bombardment Separation is made by fusing the KBT or by

boiling & solution of the KBr in vacuo (105, 106)

_Sr85‘ Rb(d,2n) The RbC1 is dissolved in O.1N HCl,;FeC’l5 carrierfis added
end precipitated with the addition of (NH)) £05-

NH CH
. 8 4
solution. The Fe(OH)3 containing the Sr > activity 'is

|dissolved in 6N HC1 end Fe is extracted with ether (107).

Sr89ﬁ90

elution from'organic zeoliteso Sr8-999O and Balho
removed succeseively by 5% citrate at pH 5 (108, 109) (A more
detailed delcription of fission product separation by ion-

cxchange msthods}is,givgn‘in'thc gection on rare&earthso)

U(n,f) Sr89999‘is separated from f@és;on-pfpdugt mixture by complex
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Y e

sr(a,2n) |

. diluted to n@ 5 M Sr

i . . ._,.’{

he Sr metal is dissolved in dilute HCl

solution is then drawn through filter paper which removes
Jthe Y88 as adsorbed radiocolloidc The activity is removed

with dilute HCl (110)

The solution is

and NHhOH is added to’ pH 9 " This

ﬂ

| un, )

“Telution from amberlite IR-1 resin with 5% citrate at pH 2.7

‘ Y91

(108,111)0

separations 18 given in the sectionvon rare earthso)

R

1is separated from rare- earth fission products ty complex

(A more detailed description of fission product

er,

89

Y(d,2n)

ie evaporated almost to dryness and then diluted with Hzoo,‘w

’ Y is precipitated as the fluoride with HFOA

The Y2 3 target is dissolved in HC’l°

is diluted with waterp FeCl
'with NHhOH

tate is dissolved in 6N HC1 and- Fe ‘{g ‘extracted with HQQ(107)

The relultant solution ,

A few ml of

are added and HF is removed by evaporationo The solution

h

3 carrier is added and{precipitated'
is carried quantitativelyOA

The Zr The precipi-

CUmr)

rOxalic acid is used a8 a specific complexing agent to remove
2195 and Cb95 from mixed fission products on amberlite IR 1.
columns - 0, 5% oxalic strips Zr”" :
of the,trivalent or~divalent‘elements-isvrepovedpby-this

treatment (108)..

% Cb95 quantitatively, none

k .

_ Z

from HNO5 or HCth using thenoyl trifluoroacetone (112)

9‘5'

of Cb95 on MnO from lON HNO 5 and (b) extraction of Zr95

s separated from Cb95 daughter by9 (a) co- precipitation :

2 3

5 r36

24
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The bulk of the uranyl ﬁitfatc_ﬁafgét hafefial is_removed;
by ether extractiono To the concentrated solution of fissién

produets are added a few mg of FeCl hydroxylamine and

39
2,95

excess NHAOHO and other NH5 insoluble fisaion products
are co—precipitated on the ]E‘e(OH)3 The U remaiqs in the

supernatanto “The Fe(OH)"is dissolved in HCI and Fe is

>3
extracted with ether, The'Zr95 Cb95 and Celhl’lhh are
separated as iodates using thorium carrier. Zr95 Cb95 are
95

separated from Ce and Th by-maané of HF precipitation.Cb is

separated from the ng5 by K 5

fusion (107)

o U(n, £) See 2102 procedures.

.VMb99 Zr{a,n) The Zr02 targcf is diésolved\iﬁ the presence of Ch "hold-back"
o K / carrier by‘boiliné in 12N HESOudoﬁn td,fumiAga ' NaCl ‘and HCl
are addedy following cooling and dilution with‘watery to bring
the (B ) end (c1) to 6_1\_10 _} The Mo is extracted with ether

saturated with HC1 (ilj)°

95

Te h Mo(d,n) - The Mo target is dissolved in aqua regie and evaporated to
incipient dryness° The ox1de is dissolved in HCth-HﬁPOh and
T095 is distilled with the addition of HBr using 5_002 carrier
gas (114,115).

pc?? U(n,f) The U metal 18 dissolved in 3(% HCl and the U'Clh is oxidized

to UOgCl with HQO2 and Br2 at 60o o Pt012 is added and the
solution is saturated with the HjS et 90°C. The 79 1s
co-precipitated with the Ppsé éiqné with other écid insoluble
sulfides of i%pﬁfissiqn_gfé@gqtgy The P, 16 dissolved 1in
H202-NHHOH solution, Br2 ig added and the solution is
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evaporeted to- incipient drynesso 18N Hgsoh is aaded and the

99 is distllled (116) .-

The U metal is dissolved in HNO5 and adjusted to BN Kal

is added and the solution is boiled ‘until all of the iodine is

expelledo HCth is ‘added and Ru105 is distilled into 5N HC1.
The distillate 1s made strongly alkaline and Ru103 ig dis-

tilled from alkaline solution after oxidation with Cl (107)o

4

the solution is saturated with 302

with’ HCth-HBro (7)) - - "

The Rh is fused with: KHSOh and the fused mass is dissolved in
'watero HCl is added together w1th mg amounts of HgSeO,+ and
The ‘Pdlo5 is carried .

quantitatively on the Se metal

]
J

Se is removed by dlstillation;

l 5 1s separated by co-precipitation on H32012 which is ‘

removed by. volatilization (118)

p

Aglll_is séparated from Pd'hy’eledtrolysis £rom l?M NeOH..

0.1 M NaCN solution using Pt electrodes and a cathode poter‘tial of

1.210 v (119) e }A

A R
- pal®? Ru(d;2n) -
2g102 200,111 ga g,y
(a,2n)
11 o
agttt - Pdlll o
B decay
—
. "Cdl 9 . Ag(d,?n)

The:Ag 1s dilsolved in. HNO5 and the solution is evaporated

to drynesso The AgNOB containing the activity 1s dissolved :
in H2O and the Ag is complexed with NHHCNSO The solution:
is adjusted to pH 5 ‘with- sodium acetate and the Cd109 is

extracted withlchloroform'containing 5% pyridine (120).

&

-

>,

20
<o)

¢38.
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Inlllgllh cd(x,p)  {After separation of‘SnllB.by distillation (see‘ﬁelow)y the

(a,pn) Hgsoh residue containing'lnllhfis-neutralizcd_with'NHHOHo

The Fe(OR), precipitate carries’ thef it quentigativelys « -

Fe is separéted by ether ex_t;;action(l?l)o

Snl.3 | cal{a,n) ~ 1The Cd is diassolved in HNO5 and the solution is evaporated

(a,2n) to -incipient dryness, diluted with H0 and made alkaline
after the addition of,FeCl3o ‘The Sﬁ113 and In;ly are carried
on the Fe(OH)3 precipitats. The Fe(OH)5 ig dissolved in a

minimum;volumc of 36§ H2SO and transferred to an all-glass

b
distilling épparatus; HBr is addgd dropvwise anq Sn115iia

volatilized at 220°C. The distillate is collected in AC1(121).

. . ’ 2 . . ) ) . ’ h . . ’ )
Sb120’12 Sn(d;n) The Sn target is dissolved in aqua regia. HCl is sdded to

(d,2n) " |aestroy excess HNO, and the solution is adjusted to O.1N HCL.

3
Milligrem emounts of Cd'' are added and precipitated with

H S after the additi;n'6fuoxali¢'écid'to-prevéht thexéfeéibﬁgll
tation of SnSEO The Cds'is”dissoi#ed in HC1 and transferred

to a distilling flask. Traces of Sn are remov§d by;distillaf

120,122

tion with HClO at 200900 Sb is then distilled with -

b o
the gradual addition'of HBr (121).

Tel2T75129 U(n,f) The T9127’;29 is precipitated outﬁdf'dn HCl fission mixture

on CuS. The CuS is diseolved in HNO, and the solution is

3
made 5N in HF. The Tel2/s1%® {5 then co. precipitated on

Rﬁsgo, The RuS2 is decomposgdAﬁithLHN03«and the residue. is
) 1 L

botled with ECIO,

to expel the Ru (107)..
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o2 S | Te(dgn),"" The' Te 1s dissolved in CrOB—Hzﬁoh solution, Oxalic acid
2 (d,2n) | is added and the~I* is distilled;into NaOH - {123) .

*T is evolved during the dissolutlon of Te target in HNOBDHV_H
bThe activity is collected in a trap £1lled with CClhAendb

extracted with Na2805 (107).

13; vaporizes during the solution of U in HNO cé Thebvapor

- : , 3 0 _
is passed:through a condenser and N&OH scrubber. - 1151

U(n, £) I
k ‘ is
'redistilled into dilute NaOH from.HNOB- The NaOH solution
of 1131 15 mage 20% in Hesoh and treated with Kmmoh Oxides

of nitrogen are removed by distillationc The resddue’ia
treated,with.H P03>and the I 151 is distilled into dilute ==

| 3 F et
| ’NaOH-NaESOB.eolution (12#,67)0

‘i§l3l | The Te metal is- fused with NaQH The fused masslis extracted o
;lé-vdeca& o .with water and the washings are transferred to an'all-glass
| | | distilling flask KMnOh is added to the alkaline solution
to oxtdize T o Io3 . sto 1is then added and the 1131

is distilled into dilute NaESO Na CO5 solution (125)

Te target is dissolved in 18N H SOh-50% C’uO5 solutiono The ’

‘solutinn 18 cooled to 50 C and solid oxalic acid is elowly R

addedp The 1131 is then distilled into dilute Na?SOB_NaOH o

solution (124, 67)

AT
R

. . . . - ‘ : . ‘\ ot
xe;gj. -I(d;2n) - The Xe127 is retained in the KI target material during bombard-
ment. Separatlon is made by" fuaing the KI or hoiling a

solution of the‘Kl,in.vach.6107y85)g,,.. .

26 040
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.cél§l

Ba151 |

"B decay

o BaCl, is precipitatedwfrom lay HClov CslBl remains in the |

supernatant. Further purification is obtained by La(OH)5

scavenging (126}, = .. . , . RN i ‘ ;

csl?

o, £)

05137 is separated from the divalent or trivalent fission -

product ions by preferential elution from qmberlite IR-1

using 0.25N HC1 (127).

C8157 is separated-from‘fission mixture by co-predipitation

on IH, C10

,C10y, from.HCth solutions using absolute alcohol(128).

09157 is separated from a fission product mixture by co- -
precipitation on sodium cobdnﬁnitrite and ammonium cobalti-

nitriten The Co is removed as Cos ‘from NEhOH solution (107)

133

‘ca(d,2n).

The CsCl target material is dissolved in HCl to pH 2 and the

golution 1is adjueted to ‘pH 10 with NHROH after the addition of

FeCl5 carrier. The precipitate of Fe(OH) is washed dissolved‘

l1in BC1 and reprecipitated with NHhOH at pH 5.k, The Ba13§ is

retained in the supernatant (1299107)

Balho

| v(n, )

After the elution of the rare earths from.Amberlite IR-1
using 5% citrate at pH 2. 79 the Qr89 90 and Balt0 are -

successively removed by 5% citrate at pH 5. (108 130).

140

Balho

B Deéay;

140 o 1h | 1ho

‘La is separated from Ba mixﬁures by_elutioﬁ”freﬁ;

|amberlite TR-1 using 5% citnate‘ét pH 2.7 (108,130).

Bacl2_is added to an HC1 solution=of mixed fission products

and precipitated by ﬁaésing HC1 gas.throﬁgh the_soluﬁiono The

BaCl

2

5 cqnﬁéining.the Balho.is‘diéﬁbi§ed'in 2.0, 'FeClB carrier

=6 (41
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"purified BaCl

is added and precipitated with the addition of NHhOH° The

Fe(GH) precipitate 18 discarded° After allowing the

to ‘atand’ for several days a’ second Fe(OH)
10

2.

Aprecipitation is made which carries the ﬁa e ,Fe is removed

by ether extraction from 6N HC1 (107)

58-65 f
lhl lhh iﬂ(n,f) ; A'solution of allffission—produced species in oooi to O.1N-
Pr%hﬁif p » R HCl is passed through an Amberlite IR-l resin columm ‘Allbih-fﬁr
"hd1y7 o cations are adsorbed while the fission produced anionic
hm?§7 | elements (Ru% Te, Ic) pass through acid are recovered in the
Smi?l /‘: . effluent Most, of tne cnl;7 meflteieluted at this point by.
: nol?5“;v_‘f“ | the addition of\O 25N HC1, The column 15 washed, and Cb95 PR
| Zr95 is preferentially removed by O 5% oxalic acido By using
differential pﬁ - controlled ammonium citrate elutionS the
trivalent elements are removed in the order: Y, Eug Sm, Pm,
| Nd, ?r, Ce, La° With Amberlite IR-l the eluting agent in
general use is h 75 5 O% citric acid at a pi of from 2.7-2. 95
In practice a group of several elements may be: eluted then
‘ readsorbed and fractionated under more rigidly controlled C
conditions (1089127,67)0 : i'h'f; 2 i
‘ﬁ6tl7l'_”" Z(p;xn) :..After bombardment the rare - earth oxide is dissolved in HNO5: =
GdSAA (dyxn> and insoluble matter is removed by centrifugationo Carriere
B To (d;rnj_ for contaminating activities are added and the rare earth
; Dy fluoride is precipitated from hot 2N HNO3 by addition of Hr.,
..ﬁo | The fluoride is dissolved in BNO5 3BO3 and precipitated ag
.Er. i the hydroxideo The rare-earth hydroxide is dissolved in HCl
-Tm and the solution is adjusted to a pH be tween O 5 and 1.5. The
i 2u6. (42
Yo rare earth activities are then adsorbed onto Dowex- 50 and
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|1, oH

eluted with 0.25 M citric acid édjusted to pH 3.05 with

1,08 (131)..

o, \ “,‘. A
TR A A I N I

a1 775178,179

CHf(d,xn)

| the Mmogjprecipitate cerries the Ta quantitativelyh

The HfO2 is dissolved in HNO5—HF golution. HF is removed'by

evaporation with the addition of-l@y HKNO --KMnOh is added and

3 -,

. The Ma0O . .
The -Mn 2

containing the Ta activity is dissolved in oxalic acid and Mn

is removed by adsorption on Amberlite IR-l or- Dowex 50 (152)

£e183,180

la(a,xn)

| W(d,xn) .

Inatant.

cu0 from alkaline golution (133 l3h)

The Ta metal target is dissolved in a minimum. volume of 16N

HNO3 containing 10% HF. The HF is: removed by volatilization-

‘and the bulk of the tantalic acid is’ separated by centrifuga—

183,18h

tion. The Re ris quantitatively retained in the supex=

The HNO3 solution is evaporated almost to dryness and

transferred to an all glass distilling flagk with 56N HESO

The Re185918h 18 distilled at zho C with the addition of 9N
HBr and co-precipitated on CuS after the removal of HBr and

HNO5° Separation from the Cu is effected by precipitating.

b
i

05185

'W(a,xn)‘

‘Thefw metal is fused With‘KOH-KNOg and the fused nass is

The solution is acidified with ENO
3

extracted with water.:

precipitating most of the WO
185

L2

The Os is distilled from 5N HN03 and collected in trap

05 Extraction of the HNO5 distillate with

ether removes the 0-185 which is back extracted with Naoﬁ(155)

filled with 5N HNO

which is removed by centrifugatiOn°
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3=

5120k ;206

Pb(d,2n) |

The Pb is dissolved in a minimum volume of HNO3 and the result~

ant solution 1s evaporated to dr'ynesso . The Pb(NO ) containing

the Bizoh 206 e dissolved in excels .10%. NaCH . This Msolution"

18 drawn through filter paper whlch“retaina:ovem598%lof;the; '

‘Bi activity as adsorbed radiocolloid. Dilute:HQl;removea the

1204206 quantitatively (136).

P0210'

' 'Pb(GQXh)'

‘The Pb target o) dissolved in HNo5 Pb(NO ) “fe centrifuged ‘off
and the solution is extracted with amyl ace\ate to remove Tl
Hg and Auo Bi and Tl hold back carriers,are added and- the
solution: is fumed with HC1l. The;aolution is diluted to 3N and

Te carrier is precipitated with S‘:O.2 removing At and Po, The Te

11is reprecipitated from 6N HC1. Uhder these conditions At‘is'co-

precipitated and Po remaing in the supernatant Po in the HC1

golution is extracted with an equal volume of 20% tributyl
phosphate in diethyl ether., The activity i8 back extrdcted’

with HNo3 (l37)u

P0210

‘51<a,5>

Same procedure as above (137) ..

T 210 211

'Bi(a,3n)

Bi(a,2n)

A laver of Bi metal alloved to & lO mil thﬁnk water—cooled

Al target plate is bombaxued 1n a bell jar target filled

. with_He for additional cooling and to prevent oxidation of

the Bi. The bombarded Bi is cut from the target_foil and At.

ie isolated by heating the Bi to h25°c inua gtream of N2

carrler-gaso The At is collected on a cold finger cooled with

>

liquid air (138, 159)
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