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RECENT DEVELOPMENTS IN ISOTOPE PRODUCTION
AND SbU'RCE FABRTICATION*
by
Paul C. Aeberscld, Ph.D., Director
Division of Isotopes Development
U. 8. Atomic Energy Commission
Tremendous strides have taken place in the past decade in man's
capacity to make radioactive atoms. The number of known kinds of manmade
atoms is now close to one thousand. Radium 226, the isotope of radium
whose medical use generated this Society, is now just one of hundreds of
useful radioactive species, The total activity of radioactive materials
produced by nuclear chain reactfons, both controlled and uncontrolled,
staggers the imagination. The energies and beam intensities of nuclear
particle accelerators have increased a thousandfold and more. Thus, man
is now in the fortunate technical position ¢of being able to develop pro-
duction of any desired radioisotope in sufficient amount and purity tﬁ
meet all demonstrated needs.
Physicians and medical research workers are slready making good use

1 Of the potentially

of those isotopes that have become readily available.
available radioisotopes, however, only a dozen or so are used routinely fn
‘diagnosis and therapy, and fewer than 100 in medical research:. Progress

in radiation instrumentation, isotope scanning techniques, whole body

counting, in vitro diagnosis and combined radiation-chemotherapy will

*Pregsented at 1962 Meeting, American Radium Society, New York City,
April 2-4, 1962.
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DISTRIBUTION OF REACTOR RADIOISOTOPES
FROM OAK RIDGE NATIONAL LABORATORY
August 2,1946 - March 1,1962

TABLE Ia - Items Totaling Over 1000 Curies

Isotope Shipments Curies
Cesfum 137 1,792 222,533
Cobalt 60 2,755 1,058,869
Gold 198 743 1,019
Hydrogen 3 1,379 -~ 150,293
Todine 131 48,805 7,324
Iridium 192 992 47,187
Krypton 85 608 15,063
Phosphorus 32 31,030 1,962
Promethium 147 509 4,893
Strontium 90 990 100,408

Total 89,603 1,609,551

TABLE Ib - Items Totaling Less Than 1000 Curies

Isotope Shipments _ Curies
Calcium 45 2,905 36
Calcium 47* 331 0.4
Carbon 14 ' 4,139 156
Chromjum 51 1,669 _ 83
Todine 125%* 76 ' 1
Iron 59 } 2,965 o 10
Potassium 42 3,311 54
Sodium 24 2,818 22
Strontium 89 1,178 61
‘Sulfur 35 4,916 - 183
‘ Xenon 133 25 : 648
Others (~ 70 radioisotopes) 45 ’ 254 i, 824
Total 69,587 3,078
GRAND TOTAL 159,190 1,612,629

* Distributed only since October 1961
*% Distributed only since July 1960
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A(t) = P 1-e‘_0"':%';qé'3“"
where A(t) is the activity produced as a function of exposure time t, Ty 1s
the half 1ife of the radioisotope produced, and P is the rate of production.
P is directly proportional to éhe neutron flux and the nuclear transfor-
mation characteristice of the target material; 1. e., the cross section for
the production procegs of interest as well as for competing reactioms. For
an infinite&long expogsure and a constant amount of target material, a
certain maximum activity would be reached where production is equal to
radiocactive decay. For practical purposes irradiations are seldom conducted
for more than three hglf lifes.

This simple expression for radioisotope production is complicated by
several factors: a number of nuclear reactions may be occurring simultane-
ously, a significant amount of the targét may be used up in long irradiations,
and the desired product may itself uﬁdergo nuclear reactions.

If the redicactive product has a high c¢ross section for neutron capture,
it will be "burned up" in long exposures. Burnup msy be undesirable not only
becsuse of loss of Ehe valuable material but alsco beé;ﬁse the isotope
produced by the sequence of neutron absorptions may itself be radioactive and
have undesirable radiation characteristics. In such a case, a brief
irradiation in an intense flux is desirable to avoid the production of
gignificant quantities of the unwanted radioactive contgminant. Prompt
removal of the desired radioisotope also may be needed te avoid burnup or

to minimize secondary reactions leading to radiochemical impurities.
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simply to greater specific activities, Although cobalt 60 itself has a
moderate cross section for neutron absorptiom, thus forming cobalt 61,
radiation contamination is avolded because of the short l,65-hour half
life of the latter, which decays to a stable nickel isotope., The quantity
of nickel produced is usually so minute that it does mot represent a signi-
ficant impurity nor does it reduce the activity of a given source to a
serious extent,

If the target element consists of a mixture of stable isotopes,
several concurrent nuclear reactions may go on, leading to 4 mixture of
radioisotopes of the same element that are not separable by chemical means.
In some cases, however, the product isotopes differ so greatly in decay
rates that a feasibly short storage time will result in material con-
sisting principally of the longer-lived radioisotope. In other cases it
may be essential td separate the stable isotopes'before uging them as
target material.

One of the most important factors in ;he production of isotopically
and radiochemically pure materiais has been the increased availability
of higher neutron fluxes., Before the advent of intense neutron fluxas,
it was necessary to resort to transmutation, fission, or Szilard-Chalmers
reactions with subsequent complicated chemical isolation procedures to
obtain radioisotopes of high specific activity. With several reactors

014 neutrons/cmzfsec

available for isotope production with neutren fluxes of 1
or greater (Table II), satisfactory material can now be obtained in many

-
cases by simple neutron capture reactions. Further increases in flux to
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the 1015n/cm2/sec region as in the new High Flux Isotope Reactor (HFIR)
under construction at Oak Ridge will extend this trend.

Scheduled for completion in 1964, the HFIR is intended primarily as
a production facility for gram quantities of californium and other trans-
plutonium elements, but it will also have space for production of useful
medical isotopes. 1Its flux of 3-te=5 x 10130/cm? /sec will be the world's
most intense neutron flux. This will permit production of radioisotopes
with specific activities over 1000 times greater than with the original
X-10 graphite reactor.

Almost all radioisotope production would be benefited by having
higher-flux reactors available. In particular, much higher specific
activities of short-lived isotopes could be produced -- unless burnup of
the desired product is a factor. The short half life makes it practical
to go essentially to "saturation," wherc the vate of production is eguall
to the rate of decay. Saturation is the thecretical maximum production and
in all cases is directly proportiomal to flux, An example of the advantage
of high flux from Table III is in the production of sodium 24, which has a
15-hour half life and a very low cross section for neutron absorption. The
ten-times-higher flux gives material having ten times the activity per gram
of starting material.

On the other hand, a high flux is of less advantage when the short-

. lived product has a high cross section for neutron absorptfon. In this
case, maximum production i3 ruch below the saturation value. Geold 198

is an example. As shown in Ttable [II, it has a high cross section for
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burnup of 26,000 barms. Less than twice the activity per gram of starting
material can be obisined im this case for a ten-fold increase in flux.

With high fluxes, reactor irradiation c¢ould be continued beyond the

point of maximum production in oxder to buvn u: move target atoms. This
has v wifect of increasing the true speciiic uctivity (curies of desired

isotop: per gram of its element)., At the szme time, if the cross section
of the product is comparable to or higher than that of the target, burnup
of the product introduces other clements by transmutation reactions. There-
fore, to take full acvantage of the imcrease in specific activity through
target burnup, it i3 macessary to chemically separate the desired product
element. In the case of cobalt 60, for example, it should be possiblé by
very intense neutrom irradiation of cobalt 59, followed by chemical separatiom
of the transmutatior product nickel, to closely achieve the theoretical specific
activity of 1140 curies per gram. For short lived isctopes such as sodium 24,
however, the theoretical specific aztivities are so emormous that attaining
them would be impractical by this method even if desired.

A significent advantage of high-flux reactors is the possibility
of producing high-specific-activity material by {(n,? ) reactioms that must
now be made by neutrem transmutation of another element, with subsequent
expensive chemical separatiomn. Phosphorus 32, for example, which is made
by neutron bombardment: of sulfur, could be made directly from a stable phos-
phorus 31 target. With a 1015 neutron!cmzfsec flux, activities of more than

100 curies per gram could be obtained by this route at a greatly reduced cost,
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electromagnetic separators. As & result, thoe ratio of activities of a
desired tadioiéotope to unwanted radfoisotopes may be raised to almost
any desired v#lue. Oak Ridge National Laboratory began its electromeag-
netic separation program over LS5 years ago with the enrichment of two
stable iladtopes of copher* The progran: ~: oaun ouili all the known
stable isctopes -- more than 250 -- are nuir routinely available in
enriched fovm, :

- Examples ;5 uetter and less expensive radioisotope preparations pro-
ducéﬁifrom enricﬁéd isotopes are chromium 51, from enriched chromium 50;
iroﬁ.59,rfrcm enrichﬁd iron 58; and calcium 47, from enriched calcium 46.
Calcium 47 1s particularly interesting because the:é has long been a need

_ for a gamma emitting isotope of caleium. Calcfum 47 is such an fsotope
but s ilso-an exaﬁple of a difficult material to prepgreﬂwithout isotopic
;nr'ichmen-t--of'the=- target. The natwal ciuninnce of caleium 46 is only
6.00331; thuq'one_kiiogram of-ﬁa:u:ai calcium oust be put thrﬁﬁgh an
aléétramagnetic separator to collect only 6 milligrams of calcium 46,
Since the product material still contains some calcium 44, the reactor
irradiatién.produces calcium 47 contaminated with calcium 45, The activity
of calcium 47 available on a routine basis has been raised to Q_CI%?/CaﬁS;
ratio of 40:1 (when shipped).

As a result of the use of eﬁriched_inotopes,.wuchthlghet ipcciiic_
lcfivities of the most useful isotopes can be produced in a given reactor

(Table 1V),
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Fission Products

Fission of reactor fuels leads to an intensely radioactive mixture
of approximately 200 radioactive species. The half 11ves of the fission
fragments range from microseconds to millions of years, Included are such
medically important radioisotopes as iodine 131, strontium 90, cesium 137
and kiypton 85. Iodine 131 is cusrcatly made at Oak Ridge National
Laboratory by neutron fissien of highly cnriched uranium 235, This is a
economical process but not suitable for production by private industry.
because other fission products are produced and must be handled, Iodine
131 made commercially is produced by the reactor irradiation of tellurium,

The great quantities of radicactive waétes produced when reactor
fuel elements are processed to recover unreacted uranium have long been
recognized as wvaluable reservoirs of long-lived fission products, such as
strontium 90, cesium 137 and cerium 144, for use in medical therapy,
isotopic power generators and heat sources.

A milestone in making available very 1§:ge quantities of fission pro-
ducts, such as cesium 137, was the completi;; of the Fission Product
Development Laboratory at Oak Ridge National Laboratory. This facility
makes possible separation and purification of kilocurie to megacurie
amounts of the Ilmportant long-lived fission products,

For teletherapy purposes, the advantages of having cesium 137 as
free as possible of cesium 134 contaminant are well recognized. Changes
in radiation output with & mixed source are significant over a fairly

short time since cesium 134 decays with a 2.3 year half life, while cesium
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simplicity of cesium 137 separation and preparation for shipment indicates
that massive quantities of the material can be made available at reas¢nable

cost,

Accelerator-Produced Radioisotopes

Throughout the period 1934-1945; most radloisotopes used were produced
in cyclotrona?. Today, the cyclotron complements rather than competes with
the nuclear re#ctor for production of radiocisotopes. The cyclotron is an
important source of certain medically useful Lsotopes that cannot be produced
in a reactor. Cyclotron-producad isotopes frequently are those that lie on
the neutron-deficient side of the nuclear stability line. These decay princi-
pally by positron emission or orbital electron capture,

Cyclotron-produced radioisotopes, in general, have a distinct advantage
of high specific activity simce they ordinarily are isotopes of a different
chemical element than the target and hence can be chemically separated in
carrier-free form.

While numerous cyclotrons in the United States produce radioisotopes
tb a certain extent, the principal source of those made available commercially
is the unique high-beam-intensity 86-inch cyclotron at Oak Ridge National
Laboratory,8

The construction of the 86-inch cycletron is novel in that it is a
vertical cyclotron in which the dees hang suspended between the poles of
a 400-ton magnet. It is otherwise a conventional fixed-froyuency machine

which produces protons with energies up to 23 Mev. The important feature

is that high beam currents of 1 to 2.6 milliamperes can be routinely
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TABLE V

SOME RADIOISOTOPES ROUTINELY PRODUCED

BY OAX RIDGE NATIONAL LABORATORY 86-INCH CYCLOTRON?

Isotope

Beryliium 7
Sodium 22
Vanadium 48
Manganese 52
Iron 55

Cobalt 56
Cobalt 57
Cobalt 61
Arsenic 74
Strontium 85
Yttriuem 87, 88
Yttrium 88
Technetium 95
Rhodium 102
Palladium 103
Cadmium 109
Iodine 124
Barium 133
Cerium 139
Promethium 145
Promethium 148

Promethium 150 __

~ Europium 146
Europium 147
Europium 149
Gold 195
Thallium 202
Bismuth 207

Half-Life
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certain advantages or unique applicetions that make it worthwhile to
consider their availability and potentialities as a group. Similarly,
low energy radiation emitters or positron emitters may be considered as
groups. Awareness of production progress in such special categories of

radioisotopes may lead to employing them in broader applications,

Short-Lived Isotopes

Short-lived isotopes have significant medical advantages: (1)
Larger quantities of activity can be administered to patieants to obtain
a higher response, yet the total exposuxe may be considerably reduced;
(2) Tests may be repeated frequently; (3) Costs of waste disposal and
problems of contamination are greatly reduced or eliminated.

Moderately short-lived isotopes (several hours to several days) are
produced by reactors or accelerators with no particular difficultyfgxcept
the need for faster chemical brocessing and utilization of alr transpor-
tation. Almost any point in the United States is less than a day’s
distance by air freight, thus a great variety of short-lived radicisotopes
can be shipped and used successfully., Table VI lists some moderately
short-1ived reactor-produced, regularly available radioisotopes,

The use of short-lived isotopes in the medical field can be greatly
extended by making them available in the user's laboratory. A consider-
able number of small research and isotope production reactors are now
available in universities and research laboratories throughout the
United States and other countries. This should permit more attention

to local use of short-lived isotopes.
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4 special way of achieving local availability is to milk a short-
l1ived daughter activity from a longetr-livud pafent, in a fashion similar
to the classicél nilking of radon from radium,

There are some two dozen pairs of parent-daughter related isotopes,
where the daughter's half life is shorter than that of the parent and the
relative half lives make a milking system feasible., A few of these for
which practical radioactive 'cows" have been made are listed in Table VIIX,
Three of these radioactive cows are routinely available from'Brookhaien

i1

National Laboratory: iodine 132, technetium 99m, and yttrium 90.

TABLE V11
SOME RADIQACTIVE "COWS™

Isotope Product

(Daughter) Half Life Radiations Parent - Half Life Ref.
" Barium 137 2,6 min A Cesium 137 30 yr 1
Gallium 68 58  min B Germanium 68 290 days 2
Indium 113m 1.73 hr 1¢,¥ . Tin.l13 113 days 3
~.Jodine 132 . . .2.3 hr r Y Tellurium 132 77 br 4
Techpetiom 99m 6.0 hr Molybdenum 99 67 hr 4
Yttrium 90 64 hr ,J; Strontium 90 28 yr 4
Strontium 87m 2.8 hr Y Yttrium 87 80 hr 5

1. Newacheck, R. L. Beaufait, L. J., and Anderson, E. E. Muclegaics, 1957,
15, Ne. 3, 122-25 (May).

2. Gleason, G. I. Intern. J. Appl. Radistion and Isotopes, 1960, 8, 90.

3. Meyer, W. J., and Anderson, R, L. Ind. ®ng, Chem,, 1960, 993- & (Dec ).

4, Reference 11, tlids v,

5. WMyers, W. 6. J. Nuclear icd., L3060, 1, 123, {fipx. ).

e wmme e . e e s s ke e m— T e

To obtain ifodime 132 and technetium 99m, the parent tellurium and
molybdenum activities are produced &s fissiom products and are separated

carrier-free from reactor-irradiated uranium. The parent materials are
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having no gamma radiation. Its beta radiation, with a maximum energy of
2,26 Mev, is higher than that of either gold 198 or phosphorus 32 and
therefore penetrates more deeply in the tissue, The half life of 2.7 days
ig considerably shorter tham that of 14.3-day phosphorus 32. About 5000.
millicuries of yttrium 90 cam be milked from a 100-millicurie strontium 90
generator in one year, hence it is poteantially one of the cheapest radio-
isotopes available,

Brookhaven National Laboratory also makes available two short-lived
isotopes, magnesium 28 and fluorine 18, of particular interest becuase
they are produced by triton reactions in & nuclear reactor. Both can bé
cyclotron produced, but reactor production is advantageous when quantity
production and low price are considerations.

Magnesium 28 (21.4 hour half 1ife) is produced by the Mg26(t,p)ng?8
reaction using tritons generated by the reaction Liﬁ(n,t)ﬁea. The target
material is an alloy of 757 lithium 6 and 25% magnesfum by weight; At &
thermal neutron flux of approximately 1 x 1013, speéific activities ranging

from 1 to 2 millicuries of magnesium 28 per gram of stable magnesium are
produced by this methed.

Fluorine 18 (112 minute half life) 4s produced in a reactor by the
reaction 016 (t,n)Fls using tritons from the Liﬁ(n,t)H34 reaction. It
decays by positron emission and has the characteristic annihilation gamma .
rays assoclated with it, Although the fluorine 18 half 1life is short, it
is the only isotope of fluorine sufficiently long lived to serve as a
tracer. It may alsc find application in localization work using thp

annihilation gamma scenning technique. '
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Low Energy Gemma and X Ray Emitting Isgtopes

Radioisotopes that emit only cne type or emergy of radiation permit
specific applicaticns without complizating side effects. Thus, isotopes
that emit cnly lew-emmrgy gamma or x reys have specilal advantages for
dlagnosis or therapy, while giving 1ittle vediation dose to surrounding
healthy tissue and reducing tvo radiaiion baserd to operating persounnel.

An exsmple of a2 low smergy ewitcter is paliedium 103 whinch has been
used for internal tumor rherzpy at the Argonne National Laboratory in a
number of patientz. Some substaniizl pelliztion resulted with no serious
complications. Pakladium 103 emits 20 kev x raye and has a l7-day half
ftife. In contrast zo higher en2rgy goama emittexs, it is easy to work
with since a cumberseme laad syringe to protect the surgeon's hands {is
not necessary. The palledium is injected as palladium black in particles
of 100 to 500 microns. Being highly imsoluble and chemically imert, theﬁe
do not migrate from the tumor site,

Palladium i03 has been obtained by reactor bomberdment of palladium
metal. Unfortcenetely, only lew-specific-activity meterial containing
radiation impurities such 25 uweutron-activated iridium is obtained by this

methmd.l3

- The precurseor pelladivm 102 hes a patural abundance of only 1%.
The material can be produced carrier-free im curie quaﬁtities by proton
bombardment of rkedium, as h2s been demomstrated with the ORNL 86-inch
cyclotren.

Jodire is an exzellent exaxple of an element having a wide variety

of useful radiocisotopes. O the 20 known radioisctopes, lodine 131 has
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TABLE VIIX

SOME LOW ENERGY PHOTON EMITTERS
SUTTABLE FOR RADIOGRAPHY

Isctope Bzlf Life, Days Principal Energies, Kev
Gadolinium 153 236 42, 70, 97

lodine 125 60 35

Palladium 103 L7 40

Promethiovm 147 Q20 ok

Samerium 145 350 39, 61

Thulium 170 127 52, 8h4wk
Ytterbium 169 33 110, 130, 198

* Bremsstrahlumg from 223 kev beta particles.

%%  Plus bremsstrahlung from 270 and 886 kev beta particles,

New Methods of Isctope Labeliag

Dilagnostic and research applicatioms of radicisctopes require that
numerous compliex crgaanic compounds be labeled In various positions with
radioactive isctopes. The preparation and diatribution of labeled com- .
pounds and radicpharmeceutfcals has for many years been a commercial
business, There are dozems of companies bringing out new labeled
compounds. The abilizy to prepere useful radiomaterials often depends
on starting with elemental radioisotopes having high specific activities,
as produced through Commission development and production activities,

Tritium-labeled materiols, while little used except in research, have
possibilities for both diagnosis and therapy. The short range beta
particles localize radiaticon e2ffects in regions as small as cell nuclel.

One of the most valuable and commomly used labeling techniques 1s
the Wilzbach self-labeling wethed, ia which organic compounds are simply

18,19,20

exposed to large quancitias of gasecus tritium. Modifications
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br n_and ty Evgluatio

Sealed radiation sources, hundreds of which are employed in U. S;
hospitals for interstitial or teletherapy use, are continually being
improved in regard to safety and utility. Leak proofness has been
increased through new methods of encapsulation, while assurance against
damage in fires or accidents has been accomplished through improved
containment and shielding.

Cobalt 60 for teletherapy is employved in metallic form, usually'
nickel plated againat corrosion, then double encapsulated by welding ia

. stainless steel capsules. Cobalt 60 used in brachytherapy radiation

gsourced may be in the form of metzllic cobalt wiré, bare or nickgl
plated, or wire made from a cobalt-nickel alloy (Cobium), The cobalt
wire may be encapsulated in stainléss steel and sealed by Heliarc
welding, or in platinum-iridium tubes or needles, which are sealed
with a brazed or soldered plug. The cobalt-nickel alloy wires are
generally encapsﬁlated in stainless steel tubes or needles sealed with =~
a small gg:gw_plpg.

Cesium 137 in present teletherapy sources most coumoniy occurs in
the form of compacted cesium chloride, double encapaulatgd_in stainless
steel or Monel. Although cesium chloride is soluble, it does not attack
these metals aﬁd has the advantage.of compactness relative to other cesium
compounds,

Beta ray applicators employ strontium 90 which is incorporated in a

ceramic or metal matrix, then ﬁoubly encapsulated in stainless steel and
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Commiesion has undertakem a program to develop standard saféty criteria
for a wide range of sealed sourcea.23'24 Current source compositions,
designs and fabrication technqiues have been surveyed to evaluate source
performance under a wide variety of conditions -;'therﬁal, mechanical,
chemical, radiation and pneumatic -- which might be encountered under
both normal and abnormal conditions of use. The resulting data will
help to accelerate the safe use of radioisotopes by (1) providing regu-
latory groups with technical guidance in eétabliéhiné_égfé and practical
regulatory practices and (2) giving manufacturersvdeffﬁité-:est goals to

meet,

Isotopes Development Center

Recognition of the vast potential benefitg_that will accrue from
creative rescarch and deveiopment on production aqd use of rldiéilotopes 2
has led the Comﬁission to establish am Isotépé?fﬁQ%@loﬁnhﬁi_éantéf.‘ﬁﬁi.S
is lgcated_at its Dak Ridge‘gftionnl Laboratqu;hT#;;uﬁ;ﬁia?prog?gnﬁ 6£:,
basic and advanced research in isotope ;echnolosy.will be cpnﬁucted at
the Center, which will serve as a focal point for i@otoﬁe research and
development. The Center plans to provide technoldgical data to govera-
ment agencies, private research groups, 1ndustri.;hdleducators to assib;
in expanding beneficial radioisotope applications.

The Center will embrace & complex of radioisotope facilities. It
will incorporate the Fission Product Development_Labor&tory,'which'deve-

lope new methods of separating, purifying and fabricating massive

quantities of fission products. Chemical operations on highly concen-
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Nevertheless, opportunities are still expanding. With the increased

incentives created by advancing medical needs,.prog;aas_will be ;;celer-
ated in the production of isotopes and labglad\m;tit%glps,hConﬁu:tﬁﬁﬁixl~.
the almost uqltﬁited'pqssihilities for uniqne;iqotéﬁiéfhatqriaiqlvill

stimulate creative thought toward developing new and wider usage.
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