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INTRODUCTION

-NOTICE-
Thls report was prepared as an account of work
sponsored by the United States Government. Neither
She United States nor trie United States Atomic Energy
Commission, no? any of their employees, nor any of
their contractors, subcontractors, or their employees,
makes any warranty, express or implied, or assumes any
Irgal liability or responsibility for the accuracy, com-
pleteness or usefulness of any information, apparatus,
product or process disclosed, or represents that its use
would not infringe privately owned rights.

Irene Curie observed and identified the first artificially induced

radioactivity in I93I+ by irradiating tc<rgets of Al, Mg and B with alpha

particles from a 100 mCi polonium source and noting that the targets

continued to emit radiation after the alpha source was removed. In a

classic and beautifully succinct report in Nature, February 193^, she

also notes: "These (radio)elements and similar ones may possibly be

formed in different nuclear reactions with other bombarding particles:

protons, deuterons, neutrons". When the particle accelerators came along

hundreds of artificial radioisotopes were produced; and after the nuclear

reactor was introduced during World War II really large-scale radio-

isotope production became possible because of the availability of

enormous supplies of neutrons.

The number of artificially produced radioisotopes reached ~ 200 in

1937 and. after the nuclear reactors started, ~ k-50 radioisotopes were

identified by 194^- With the addition of more sophisticated and M l | \
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powerful accelerators, over 1850 were identified by 1972.

Reactor production of radioisotopes, (principally by (n,y) reactions,

and to lesser extent, (n,p) and (n,a) reactions) has two notable attributes:

(l) it is relatively easy; (2) very large quantities of a wide spectrum of

radioisotopes crui be made. However, the nuclear reactor is not nearly so

versatile as a medium-to-high energy accelerator that can handle protons,

deuterons, alphas and 3He particles.

Even though radioisotope production in reactors has been highly

acclaimed and used many times as a substantial part of the justification

for building reactors, I don't know of a case where a high power reactor

has been built expressly for radioisotope production. Some low power

reactors and commercially-built reactors, such as the TRIGA, come fairly

close to being used only for radioisotope production for special purposes,

as for example, activation analysis.

The history of radioisotope production development is pretty closely

tied to the development of reactors that were primarily built for other

purposes, such as nuclear research, piloting Pu production, power

production, materials testing, education, etc. The radioisotope producer
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has always teen a scrounger for irradiation space (and still is, around

AEC sites). (This is also the case with multi-purpose accelerators.)

I have never understood why radioisotope production has always rested

on the bottom of the priority totem pole—until publicity was needed to

point up the benefits of peaceful nuclear energy—then the exploits of

radioisotopes have always been touted as the most noteworthy accomplish-

ment!

BEACTOR IRRADIATIONS

In retrospect, there was less to complain about radioisotope

accomodations with the old original X-10 graphite reactor than with

most of its descendents. There were ample "stringers" of graphite with

holes drilled in them to accomodate hundreds of 1" x 1-3/8" aluminum

irradiation cans. Access was easy, although the reactor had to be shut

down, but pneumatic tubes were also available to put small samples into

the reactor for short irradiation periods without necessitating a shutdown.

Samples could be placed in unoccupied channels, or adjacent to fuel, in

large 1-ft square tunnels, inside of uranium fuel slugs ("donuts") for

fast neutron irradiation, and samples could be let down from the top in



plastic bottles held by strings. Except that the neutron flux had a

maximum of ~ 8 x ICr^n/cnF/sec, it vas a marvelous old reactor for the

radioisotope man.

Reactor irradiation procedures and equipment are quite familiar to

people in the field. Variations are found for the various kinds of

reactors and the kind of handling and process equipment used for the

irradiated targets. In general•, materials are sealed in irradiation

capsules made of high purity aluminum, Al-Mg alloys, zirconium, graphite,

or at low fluxes, certain plastics. The target material is put directly

into the capsules if materials compatibility and subsequent processing

allow, or it is sealed in high purity quartz ampules which are then put

into the irradiation containers.

The target materials should not volatilize, decompose appreciably,

or produce substances that will attack the container. Some solid

metallic elements are good target materials (except of course elements

such as Na, K, Hg, Ga, I, etc). Stable oxides and carbonates may be

used. Compounds containing elements such as chlorine (from which 3SC1

and 8SP are generated) and sulfates are avoided unless multiple production
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is desired. Nitrates, which decompose easily, are also avoided. Organic

compounds can be irradiated at low flux, but often suffer severe radiation

damage. In general, materials that are thermally stable are also fairly

stable under neutron bombardment.

Heat generation from radiation absorption in the target and capsule

becomes an increasingly difficult problem above ~ 1013n/cm2/sec.

DEVELOPMENT OF HIGHER-FLUX REACTORS

The two main improvement goals for reactor radioisotope production

are: (l) higher flux; (2) wider neutron energy spectrum. At ORNL, the

ordinary-water-cooled and moderated reactor with highly enriched uranium

in thin aluminum clad plates was developed. The LITE (Low Intensity

Test Reactor) was originally set up as a hydraulic test model for the

MER, but was then converted to an operating reactor in.^950. ORNL

descendents of the LITR are the OER (1958) and the HFIR (1966). The

flux rose dramatically, as shown in the following table.
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FLUX IN ORNL REACTORS

X-1O Graphite

LITR

ORR

HFIR

Max. Flux, n/cm8/sec
(x 1O1}

8

100

5,000

50,000

The principal test reactors now being used for commercial radio-

isotope production (so far as I know) are the GETR, Union Carbide pool

reactor, and the University of Missouri pool reactor. It therefore

appears that for the time "being the reactor neutron fluxes to "be used

for routine commercial radioisotope production in the United States will

be ~0.5 - 5 x 101* and for special research radioisotopes, ~ 1-5 x 1015.

Flux intensity is of paramount importance where the (n,v) reaction

is the radioisotope production route; however, the other processes

available--(n,p), (n,<y), and (n,f) are also of great value and in these

cases the flux intensity is not of such overriding importance.

The demand for a wide variety of (n,1^ products has fallen off markedly

since the early days of the radioisotope program. I do not have access

to a compilation of the radioisotopes being marketed commercially, and

ORNL now furnishes only special research isotopes, so it is difficult to
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say exactly what kind and quantity of reactor radioisotopes are being

produced (only the reactor operators know, and then probably only for

their own reactor). However, it is my impression that > 7556 of the

reactor radioisotope usage today is one nuclide—99n*pc«, (irradiated na*Mo

or 98MO).

We have developed a very efficient process for producing carrier-

free F.P. -^Mo at ORHL, but we don't know of it being used commercially

at this time—this points up the desirability of the simple (n,y) process,

preferably with enriched targets and high neutron flux.

FISSION PRODUCTS

A very important group of reactor products are those produced in the

fission process, which divide into two sub-groups—long-lived and short-

lived. The long-lived FP's generally are separated from wastes resulting

from processing of spent fuel. Few of these are of great importance in

nuclear medicine: 90Sr and ̂ TPm as beta sources (-̂ TPm possibly to

power heart pacers); 137Cs for gamma sources; °5KT may possibly be used

as a sterilizing agent.

However, short-lived F.P.'s, which we make at OEHL by short, high
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flux irradiations of small aluminum rings containing enriched 235u, a r e

of greater significance to nuclear medicine. At one time we supplied

most of the ̂ l j used in the United States (and at times, world-wide)

which was almost all fission iodine; it is still required by researchers

who require high specific activity - ^ i . Ve introduced 5-3 day-133xe,

which is made only by fission, some years ago and it has gained rapid

acceptance for both industrial and medical tracing. High specific

activity F.P. 99Mb has been previously mentioned; it may in the future

become as important as (n, Y)-pi"tiuced 99MQ.

EHRICHED TARGETS

Enriched targets should be considered when the abundance of the

target atom in an element is less than 50$, particularly in those cases

where the valuable target material can be reclaimed and used. An example

of this latter point would be the case where the irradiated target is

used directly as a special source of radiation, or in a chemical system

where it is not diluted with the normal element and can be chemically

recovered.

Use of isotopieally-enriched target material could be of exceptional
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interest to the user of the small research reactor. Operating at low-

power and with the consequent low flux, one may be within a factor of

2 to 10 of having the required specific activity on a short-lived radioisotope

for an experiment. While it may not be feasible to raise the neutron

flux, one can achieve the same result by using an enriched target in

certain cases where the target nuclide occurs in low natural abundance.

Also, one can often avoid concurrent production of an undesired radio-

isotope if the target element is depleted in a particular isotope

Enriched targets are therefore of value even when (n,p) and (n,a) reactions

are concerned. Thus we use enriched targets not only for (n,y) production

of nuclides such as 13°Ba, ̂ Ca, 8 % r and 6 3 M but also e 67z n (n,p)
67cu,

SYNTHETIC TARGET MATERIALS

Badionuclides that do not occur in natural elements, and certain

stable isotopes can be gotten by nuclear transformation processes (usually

neutron capture and decay) and are of great value as target materials.

These are best illustrated by examples.

33p can be made by (n,p) on e33s, but the target must be highly
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depleted in 32g to avoid concurrent 32p production. Another route is

36ci (n,or)33p. 36d is a radionuclide with a half-life of 3 x 105 y.,

produced by 35ci (n,v)3^Cl. Long, high flux irradiation of natural

chlorine burns out the 37ci (2k.kj%) and highly enriched (> 75$) 36C1

is separated for use as target material.

Highly enriched 152 G d (nat, 0.2$) is needed for (n,v) production of

53G,J_. Europium control plates are used in the HFIE (15-T-Eu is an excellent

neutron absorber); the ^^Eu. decay product is stable, isotopically pure

152Gd, which is separated and purified for irradiation to produce -^Soa,

Most notable synthetic element targets are the transuranium elements,

where the original target atoms may go through many neutron captures and

decay processes, often without isolation of the intermediate elements.

However, the synthetic element is isolated and refabricated into target

when there is an advantage to be gained. The best known example of

course is the separating of Pu from U; separated Np, Am, and Cm targets

are also used quite often. There are also cases where a fairly short-

lived nuclide becomes the target for a second nuclear reaction—this could

be considered as a special case of a synthetic target element with very
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transient existence. In such a dynamic equilibrium, very high neutron

flux and high cross section of the daughter nuclide are of paramount

importance.

POWER REACTOR RAPIOISOTOPE PRODUCTION

I mention this for the salce of completeness, but this doesn't appear

to be a likely source for reactor radioisotopes for nuclear medicine.

Exceptions would be "°Co for teletherapy and the various fission products

end transuranium products that can be obtained from processed fuel wastes.

The high pressures, high temperatures, heavy containment, control and

safety features, and low neutron flux of power reactors all would suggest

that one look elsewhere for radioisotope irradiations.

FOTUTE RADIOISOTOPE REACTORS

Are we likely to see new, more powerful reactors for producing

radioisotopes? Certainly not ones built expressly for radioisotope

production. A study team at OREL reviewed the possibilities and needs

for research reactors beyond HFIR: lO1" - 101? fluxes. Heeds could not

be found to justify the great difficulty and expense of building such a

reactor. Actually, for radioisotope irradiations there is not a critical



-12-

need for higher fluxes, even for producing research radioisotopes,

although it would open up some new possibilities.

If we are to have lO1^ flux, it will probably be in an ING (intense

Neutron Generator)—a spallation reactor powered by a high energy proton

beam.

*Research sponsored by the U. S. Atomic Energy Commission under contract
with the UCC.


