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FOREWORD

This guide has been prepared to help the user of isotopes choose the best one for his purpose. For many
years the Oak Ridge National Laboratory isotope catalog was distributed to high school, college, and
university studeats to supply the various kinds of inforrmation concerning radioisotopes. Since a great deal
of the catalog material had to do with availability (i.e., it was a sales catalog), much of the information was
useless as far as the students were concerned; hence it seemed appropriate to excerpt the supplementary
information from the calalog, to add additional data that would be appropriate to the above-mentioned
audience, and to publish it as a separate document. It is with this in mind that the [sotope User’s Guide has
been written.

The Guide is a product of Oak Ridge National Laboratory’s Isotopes Information Center. The Center,
formally announced in March 1966, was established under the sponsorship of the US. Atomic Energy
Commission to collect, evaluate, and disseminate worldwide inlormation primarily on production and uses
of radioisotopes in industry and research. The technical staff of the Center scans many types of literature to
locate information that is within the Center’s scope. In-scope reports, journal articles, books, and
bibliographies are obtained, read, analyzed, and indexed. Over 700 key words are used in indexing.

The Center attempts to answer, without charge, all reasonable questions within its capabilities. Other
ways in which the Center makes information available include:

® Preparation of Isofopes and Radiation Technology, a quarterly Technical Progress Review that empha-
sizes isotope applications. This review may be obtained from the Superintendent of Documents, U.S.
Government Printing Office, Washington, D.C. 20402, for $2.50 per year or 70¢ per issue.

® [ssuance of state-of-the-art reviews and special bibliographies on various areas of isotope applications.

® Written critical evaluations of various fields of isotope use and production, with particular attention to
the worldwide situation.

® Special educational and promotional materials (i.e., this document) such as talks, exhibits, brochures.
and pamphlets used in various parts of the AEC program.

Requests for information or inquiries conceming the operation of the Center may be addressed to:

P.S. Baker, Director

Isotopes {nformation Center
Oak Ridge National Laboratory
Post Office Box X

0Oak Ridge, Tennessee 37830

i1
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Isotope User’s Guide

INTRODUCTION

Radioactive isotopes and enriched stable isotopes were first distributed by Oak Ridge National
Laboratory in 1946. However, in the interval since the historic first shipments, practical applications in
education, research, industry, and medicine have been developed for most of the stable isotopes but for
only relatively few of the more than 1400 radioisotopes known. Oak Ridge National Laboratory now sells
only about 50 radioisotopes, and approximately 25 more are available as experimental products. More than
100 other radioisotopes are available from industry. On the other hand, about 250 enriched stable isotopes
are available.

Approximately 200 commercially available radioisotopes are listed, with their radiations and
production methods included. Definitions of some of the scientific terms usually associated with physics,
but also used with radioisotopes, are provided for new users. This guide offers sore assistance in choosing
an isotope for a specific use, gives some shipping information, and describes special irradiation services. The
stable-isotope list includes nearly all of the existing nonradioactive isotopes, since they have all been
enriched. Although it is based to a large extent on experience and practice at Oak Ridge National
Laboratory, the guide should be helpful wherever isotopes are used.

ELEMENTARY RADIOISOTOPE PHYSICS

Atoms of different elements are of course differeni from each other, since they vary from one another
in the number of protons and electrons. However, atoms of the same element can also be different from
each other. Atoms of a given element all have the same number of electrons and protons but may have
different numbers of neutrons in the nucleus. Atoms of an element differing from each other only in the
number of neutrons are called isotopes of the element. Naturally occurring elements consist of one or more
stable isotopes. About 20 elements — including sodium, aluminum, cobalt, and fluorine - exist as single
stable nuclides; the rest vary from two for several elements — such as lithium, chlorine, and bromine -- up
to ten for tin.

Although most of the natural elements are stable, a few - such as uranjum, thorium, and radium -- are
made up entirely of unstable nuclides. Several others — such as potassium, rubidium, tin, platinum, and
neodymium -~ consist of a mixture of stable and slightly unstable nuclides. The naturally occurring unstable
isotopes are called natural radz’oisotopes; unstable isotopes created artificially (usually from stable isotopes)
are called artificial radioisotopes.

The breaking up of an unstable atom is accompanied by the phenomenon known as radioactivity. in
this process the nucleus of an unstable atom chénges its makeup, emitting radiation during or immediately
after this change. The rate of radiation emission for a given isotopic species depends on the total number of



unstable atoms present, and the kind of radiation depends on the particular isotope. As more and more of
the original unstable atoms change, the emission rate decreases; the decrease of activity with time is known
as radioactive decay. The time in which one-half of any starting number of unstable atoms decays is called
the Aalf-life and is one of the fundamental characteristics used to identify a particular radioactive species.
The resulting elements or isotopes are called decay products and in some cases are themselves radioactive.

The designation of an isotope follows a certain convention of symbols and numbers. A superscript
preceding the element symbol denotes the sum of the numbers of neutrons and protons in the nucleus, that
is, the mass (inass number) of the isotope. A subscript preceding the element symbol is used to give the
atomic number of the element, which is the number of protons in the nucleus (and also the number of
electrons surrounding the nucleus). Thus, '37Ag designates the isotope of element 47 (silver) that has 47
protons and 60 necutrons in the nucleus and 47 electrons surrounding the nucleus. Because the symbol Ag
and tlie number 47 both designate the same thing, the element silver, the subscript preceding the symbol is
frequently omitted.

The rate of decay is always a constant fraction of the total number of unstable atoms present. In
mathematical notation, dn/dr = —An, where # is the number of unstable atoms present at time ¢, and A is
the probability of decay (or the decay constant) per second for the isotope. The half-life — denoted
variously T, T1/2, Or tyjy — is related to A by the equation AT = 0.693. The probability of decay is higher
as the halflife is shorter. Thus, for 238U, T'is 4.5 X 10° years and X is 4.88 X 107'® sec™!, but for 218 At,
Tis 1.3 sec and A is 0.53 sec ™",

Types of Radiation

There are three principal types of emissions from decaying radioisotopes: alpha, beta, and photon.

Alpha Radiation. — An alpha particle is identical to the ordinary helium nucleus. It has two neutrons
and two protons. Alpha particles usually move at about one-tenth the speed of light and can be stopped by
aluminum foil ~0.002 in. thick. Any nucleus that emits an alpha particle loses two protons and two
neutrons; therefore its atomic number decreases by 2 and its mass number decreases by 4. Usually only the
very heavy elements emit alpha particles, for exarple, 232Th - %> 228 Rgq.

Beta Radiation. - Beta particles are electrons and usually move at very nearly the speed of light; they
can have either a positive or a negative charge and are called positrons and negatrons respectively. An atom
that emits beta particles can do one of two things. If the beta particle emitted is a positron, then a proton
in the nucleus becomes a neutron. The atomic number decreases by 1, but the mass number remains
unchanged. If the beta particle emitted is a negatron, a neutron in the nuclens becomes a proton. The
atomic number increases by 1, but again the mass number is unchanged. Examples are 1206 £ 120g,
and 12'Sn B> 1215y,

Photon Radiation. - Gamma rays are photons of electromagnetic energy that originate in the nucleus.
When a nucleus emits a gamma ray, the only change is to a less energetic form of the same isotope; for
example, 125" Te-Y->> 125Te, Photons other than gamma rays, such as x rays, come from internal
conversior . electron capture, and the bremsstrahlung process (see Sources of photon radiation, below).

Energies of Radiation

The energy of the particles (alpha and beta radiation) is the kinetic energy for moving particles, £ =
nw? )2, where m = mass and v = velocity. Gamma radiation energy is in the form of radiant energy, that is,
photons. This energy is usually expressed in millions of electron volts (MeV); 1 eV =1.602 X 1072 erg.



Dose

Radiation dose is a vague term borrowed from medical and radiological terminology. To avoid
vagueness, one should speak of exposure dose and absorbed dose. Exposure dose is 4 quantity of radiation
defined in terms of its effect on dry air under standard conditions; absorbed dose is the amount of energy
transmitted by radiation to any medium. Their units are the roenfgen and the rad respectively. The
roentgen (R) measures energy transmitted to the air along the path of radiation, mainly in the form of
ionization, and cannot be used to describe particle emission, One roentgen equals 83 ergs per gram of dry
air. The rad is the quantity of 'ionizing radiation of any kind which when absorbed by a substance causes an
energy gain of 100 ergs per gram of that substance. For most purposes the roentgen and the rad are
essentially ‘the same. Since the rad does not specify an absorbing medium, the guantity of radiation it
defines is not exact; but since it does define a quzmt:ity of absorbed radiation, it can be used to talk about
the effects of any type of radiation.

Exposure dose rate and absorbed dose rate are both simply dose per unit time. The gamma output of a
radioactive source is the exposure dose rate it produces at a given distance. Commonly used expressions are.
roentgens per hour at 1 m (rhm) and roentgens per minute at 1 m {rmm). The celation between exposure
dose rate and absorbed dose rate is

_ D(medium) v wfair)
0.877 g{medium)

where R i3 the exposure dose rate in roentgens per hour, D is the absorbed dose rate in rads per hour, and u
is the linear energy absorption coefficient {a measure of the amount of energy a material will absorb when
exposed 1o a given quantity of radiation).

Shielding

Alpha and beta particles do not usually present serious shielding problems. The former can be stopped
by alaminum foil about 0.002 in. thick, and the latter can be stopped by about ! in. of aluminum. Bela
particles do sometimes cause X rays to be emitted from materials of high atomic number, as mentioned
previously. This bremsstrahlung (German for “braking radiation”) is caused by the interaction of the beta
particle with the strong electric field surrounding the nucleus. The same shielding taws apply fo
bremssirahlung as apply to gamma radiation. Gamma rays and neutrons do raise serious shielding problems.

Garmma Shielding. - Without shielding and neglecting air absorption, the dose rate from a small source
varies inversely as the square of the distance from the sonrce. According to this inverse-square law, if 1 Ci
(curie) of *°Co produces 4 rads/h at a given distance, it will produce only [ rad/h at twice that distance.

Gamma radiation is attenuated roughly in proportion to the density (and to the atomic number) of the
shielding material, usually lead or concrete. Tungsten and other maierials are better but more expensive.
Attenuation obeys the law /. = Ioe ™™¥ where /o is the exposure dose rate at a given point, /. is the
exposure dose rate at the same point with materal of thickness x between source and point, and u is the
linear energy absorption coefficient of the material. The half-thickness is the thickness of shielding required
to reduce the exposure dose rate by half; the half-thickness is related to the linear energy absorption
coefticient by the rule x, , = 0.693/u. The absorption coetficient is usually read frorn available graphs.

A calculator designed to give rapid and direct solutions to handling and shielding problems associated
with the more commonly used gamma emitters is available from the United Kingdom Atomic Energy



Authority.* The device, which resembles a circular slide rule, has scales for 127Cs, ¢%Co, 1?8 Ay, 1311,
1921, 226Ra, and **Na. The activity scale extends to 1000 Ci, and the shield thickness scale gaes to 30 cim
of lead.

Neutron Shielding. — Although neutrons are not emitted directly by any of the more familiar
radioisotopes, they are one of the most important types of radiation. They are released in very large
numbers in fission in reactors, but other neutron sources are available. Neutrons are more penetrating than
any of the other particle radiations, since they are uncharged and hence unaffected by positive or negative
charges in the material through which they pass. Neutron attenuation is based on the neutron absorption
characteristics of certain materials rather than on density. Usually a neutron source is surrounded by a
moderator, which slows fast neutrons down to thermal neutrons by a series of “billiard-ball” collisions, and
a shield made of a material that absorbs thermal neutrons. A good moderator is heavy water; D, O is used in
reactors sometimes for just this reason, since regular, or light, water would absorb fast ncutrons. Most
moderators are compounds of hydrogen.

Isotopic neutron sources are usually made by mixing an alpha emitter with beryllium {although 232Cf
undergoes spontaneous fission to provide an intense source of neutrons). The alpha particles are captured
by the beryllium nuclei, which then emit neutrons. Alpha-neutron sources also sometimes emit gamma rays:
these are emitted by the alpha source, by the nuclei left in an excited state by the alpha-neutron reaction,
or by impurities in the alpha emitter. Sufficiently energetic gammas can induce neutron emission from
some nuclei. The emitted neutron has the energy £, = F, — T, where the threshold energy T is the
minimum gamma energy needed to produce the reaction. Except for beryllium (7 = 1.67 MeV) and
deuterium (T = 2.23 MeV), T exceeds 6 MeV for all possible target materials. No gamma ray from any
known radioisotope has such energy; so all radioisotope gamma-nentron sources use either beryllium or
deuterium as targets. This fact is important because it explains the safety of the AEC’s low-dose food
irradiation program; activities induced by gamma emission from ¢®Co, '*7Cs, and most machine irradiators
are negligible.
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DEFINITIONS OF COMMON TERMS USED IN ISOTOPE AND RADIATION
TECHNOLOGY

Annihilation gamwma rays are photons that come from collisions between positive and negative electrons,
and two photons (0.51 MeV each) tesult from the disappearance (annihilation) of the two kinds of
electrons.

Auger (oh-zhay) electrons are electrons emitted or knocked out of orbit by energy released by
electron-shell adjustment.

Bergonie-Tribondeau law describes the effect of radiation on cells of living organisms. {t states that the
sensitivity of cells to radiation is in direci proportion to their reproductive activity and inversely
proportional to their degree of specialization.

Bremsstrahlung - see “Sources of photon radiation.”

Carrier-free denotes a radioisotope of an element in which all the atoms of that element present are
radioactive. However, this ideal is usually only approached. The term is sometimes used to mean no
added carrier; that is, no significant quantity of the element in question is added to facilitate chemical

processing.

Cerenkov radiation is visible light given off by charged particles moving through some dense mediurn at a
speed greater than the speed of light in that medinm. It is usually seen as a blue glow around the core of

a reactor or some other intense radiation source.

Counting geometry refers to the geometrical arrangement of the sample to be counted, the window used,
and the detector itself.

Cross section is a measure of the probability of interaction between a target nucleus and a bombarding
particle, usually a neutron or a proton. The neutron activation cross section is the probability that a
neutron will hit a target nucleus and produce a specified radioisotope; cepture cross section is the
probability that a neutron will be captured by a target atom. Both are mathematically expressed as a
small area surrounding the nucleus; the unit of expression is the barn, which is 107 ¢nm*. Values
ordinarily listed in cross-section tables are the isotopic cross sections; that is, they are applicable only to
the particular isotope under consideration.

Curie is the quantity of a radioisotope tequired to supply 3.7 X 10'? nuclear disintegrations per second; it
corresponds approximately to the number of disintegrations from 1 g of radium. In the case of a
mixture of radioisotopes for which an absolute measurement cannot be made, the apparent
disintegration rate may be compared to a known standard and the activity calculated. Sormetimes a
curie is taken as 3.7 X 1010 beta counts per second, estimated by standard counting procedures and
corrected only for counting geometry. A milficurie (mCi) is [ X 107 Ci(1/1000 of a curie), and a
microcurie is 1 X 1075 Ci{1/1,000,000 of a curie).



Decay series are chains of decay that start with some of the very heavy radioactive elementis. There are four
series in all, three of which occur in nature: 4 is the thorium decay chain that goes from 2*2Th to
2%8Pb; 4n + 1 is the neptunium decay chain that goes from 2! Pu 10 2°?Bi; 4n + 2 is the uranium
decay chain that goes from >°®U to 2°€Pb; 45 + 3 is the actinium decay chain that goes from 235U to
207Pb. The neptunium decay chain does not occur in nature, although it must have at one time. The
terms 4n, 4n + 1,4n + 2, and 4n + 3 mean that the mass number of each nuclide in the chain is divisible
by 4, with the remainder 0, 1, 2, or 3. The decay chains are illustrated in Figs. 1 to 4.
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Fig. 3. The 4n + 2 Uranium Natural Decay Series. Fig. 4. The 4n + 3 Actinium Nutural Decay Series.

Llectron capture occurs when an unstable nucleus captures one of its own orbital electrons, with the
result that a proton disappears and a neutron appears. The atomic number decreases by one, but
the mass number is unchanged. The resulting shifis in the external electrons to balance their shell
structures cause x rays to be emitied. Capture from a particular electron shell is indicated by use
of the letter designating that shell; for example, K-capture is capture of an electron from the K
shell.

Internal conversion is the emission of an orbital electron from the atom, which results from the
interaction between the electron and a gamma ray emitted by the nucleus. Afterward, adjustments
in the electrons to fill the vacancy result in emission of :characteristic x radiation or Auger
electrons.

In vivo and in vitro mean, respectively, in the living body and out of the living body.

lons are atoms with more or less electrons than the atoms have in the elemental state. When an
electron is removed from an atom, the atom loses a negative charge and thus becomes positively
charged by virtue of one excess proton in the nucleus. If a free electron attaches itself to an
atom, the atom becomes negatively charged by virtue of one excess electron in its shell structure.
Any charged atorn is an ion.



Mossbauer effect is recoilless nuclear resonance absorption or scattering. It is used to measure changes
in the energy of gamma emissions and is very sensitive. Atoms with excited states having a
halflife 7 > 107'! sec and emitting low-energy gamma rays (<200 keV) are likely to show the
Moéssbauer effect.

Neutron flux is the amount of flow of neutrons through a given area in a given time and is usually
expressed as neutrons c¢cm 2 sec”'. Neutrons emitted by the nuclear reactions in the core of a
reactor are called fast neutrons. They move at high speeds and have energies of the order of a
million electron volts. Collisions, particularly with moderators (such as carbon and hydrogen),
slow down these fast neutrons until they are in thermal equilibrium with the surrounding
medium. Thermal nentrons move at speeds of about 2200 mfsec and have energies <1 eV.

Nuclear isomerisim occurs when atoms of the same isotope are formed in either of two different
energy states and decay at different rates. In some cases two isomers decay independently to
some third ground state. In other cases the upper energy level (the metastable state) decays to
the lower energy level; this is known as isomeric transition and is accompanied by gamma

emission. In the schematic shown, 377 Ba is an isomer of '37Ba:

ORNL-DWG 69-815
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Percentage yield is the number of designated particles or photons released per 100 nuclear
disintegrations.

Purity usually means radiochemical purity, that is, the relative freedom from other radioelements
contributing extraneous radioactivities. Activity from decay products, sometimes called daughters,
and activity from other radioisotopes of the same element are not considered impurities. For
example, the presence of '24Sb in '22Sb would not be considered in calculating the purity of
1228h. The approximate amount of other isotopes of the same element present is usually
included in any descriptive information shipped with an isotope.

Sources of photon radiation: Gamma rays come only from a nucleus; x rays come from electron
shells. Bremsstrahlung — that is, a continuons spectium of x rays — is the electromagnetic
radiation produced by the slowing down of eiectrons as they pass through matter.

Positron—negatron collisions produce annihilation gamma rays.



Specific activity, in the true sense, is the aclivity of a radioisotope per unit weight of that isotope.
However, it has also come to mean the activity of a radioisotope per unit weight of element
present. As a result of this ambiguity, the terms radicisotope abundance and  activity
concentration have been suggesied as substifutes, since they are more general and can be stated in
atom percent and weight percent, as well as in curies per gram. Specific activity is usually
expressed as millicuries or curies per gram.

SELECTION OF A RADIOISOTOPE
How to Choose a Radioisotope

The great diversity of radioactive materials now available sometimes makes choosing an isotope
for a specific purpose difficult. The right choice requires careful consideration of such factors as
personnel -safety, charactedstics of the radidisotope, possible chemical reactions, economics, and
availability. Isotopes for medical use — therapy or diagnosis - are chosen quite differently from
isotopes used as tracers in ecological studies, and these, in turn, quite differently from isotopes used
as radiation sources in gages for industry. In any work using radioisotopes, the type of emitter -
alpha, beta, or photon — must first be decided. For industrial gages, beta emitters are usually chosen
whenever feasible, since they require less shielding and can be detected with greater etficiency than
gamma rays. In those cases where the radiation must be detected through appreciable thicknesses of
material or from a considerable distance — as in detecting underground leaks — a gamma emitter is
the only choice. possible. Gamma emitters are used in medical diagnosis and therapy because of their
greater penetrability, which means smaller amounts can be used in the body. Alpha emitters are not
used as often as beta or gamma emitters beciause of their low penetrating power, but they do find
considerable use in ionization of gases and in initiation of secondary reactions.

The actual conditions of a proposed experiment, of course, dictate the final choice of
radioisotope. Once these conditions are established, however, the choice is still not a simple one.
Suppose a gamma emitter is to be chosen for an experiment that will require appreciable penetrating
power and last 48 h. For safety, the residual activity should be minimized. Since activity diminishes
by the rule A/Ap = (1/2)", where 4 is the present activity, 4, the initial activity, and # the number
of half-lives, the required high-energy gamma emitter should have a half-life of about 10 to 15 h.
Tables 4 and S show that ?*Na with a halflife of 15 h (Table 5) and two hard gamma emissions
(Table 4) is probably the best choice, with *2K another possibility. {n this example, half-life was the
deciding factor; another experiment might require that this consideration take second place to a need
for a high penetrating energy.

In most practical applications of radioisotopes, the emitted radiation is not measured directly by
the radiation monitoring apparatus; rather, the apparatus measures only the radiation incident upon it

an attenuated portion of the radiation emitted by the radioisotope. Therefore, the user of
radioisotopes mwust be aware of the measurement problems posed by attenuation of radiation. The
equalion for attenuation is given on p, 3 (under “Gamma Shielding”).

Precautions necessary Lo protect personnel working with gamma sources depend upon the energy
of the radiation emitted by the source. The absorbed dose rate can be caleculated from the
disintegration tate if the relation between dose rate and photon flux is also known. This relation is
approximately linear between 70 keV and 2 MeV: | R = 1.9 X 10°/E (photons/cm?), which is
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Table 1. Dose Rates for Some Radioisotopes

Radioisotope (DI_E:;";/{S:;
2%Na 1.93
Sler 0.018
5%Fe 0.65
50¢o 1.35
131y 0.29
137 0.32
14075 1.2
1700y 0.004
1 8‘zTa 0.6
192 Ir 0.5
19844 0.23
Radium (including 0.825

daunghter producis)

Zrhm means roentgens per hour at a distance
of 1 m; this does not include beta particles.

accurate to *15%. Personnel-absorbed dose rate™ should not exceed 100 mR/week and, of course,

should be less whenever possible. The equation for radiation emitted by an unshielded source is
d =106 X 10030/ §, (N /P,

where () is quantity of the isotope in curies, / is distance from the source in cm, N is the number
of photons per disintegration, and Py, is photons cm™ R ™ for energy £ (based on the roenigen rule
above). The emitted doses for some common radioisotopes are given in Table 1.

Another factor to be considered, especially in material tracing and in medical studies, is the
possibility of an unexpected and undesirable chemical reaction between the substance containing the
radioisotope and the system being studied. Radioactive arsenic and similar materials are not likely to
be used as tracers in the human body in concentrations approaching tolerance limits. Neither is
radioactive chlorine to be used to trace fluids through a pipeline made of unannealed stainless steel.

>

“Boneseckers,” such as calcium and strontium, may be undesirable for medical injections.

Cost is another factor encouraging use of a minimum amount of radioisotope. Isotopes are
research materials and are not inexpensive. A quantity that will give satisfactory detection and
measurement is required, and usually this means the quantity that will produce a counting rate
double that of background. For ease of working, and to allow for losses, slightly higher levels are

preferable.

Tables of Beta and Gamma Emitters

Few radioisotopes emit only one kind of radiation. However, some emit so little of any other
kind that they can be considered as emitters of one kind only. In the three tables that follow
(Tables 2-4) are listed “‘pure” beta emitters, “pure” gamma emitters, and hard gamma emitters. {The
“pure,” remember, does not necessarily mean that only beta radiation or that only gamma radiation
is emitted: it simply means that, for most practical purposes, the other radiations can be ignored.)

*Radiation Safety and Control Training Manual, Oak Ridge National Laboratory, 1961,
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For the table of hard gamma emitters, those radioisotopes were chosen that emit gamma photons of
energy greater than | MeV more than 5% of the time; likewise, for these radioisotopes, no claim is
made that they emit only one sort of radiation.

Table 2. Pure Beta Emitters

Isotope ) Maximum fsotope ) Maximum Isotope ) Maximum
Energy (MeV) Energy (MeV) Energy (MeV)

20y 2.28 3801 0.71 33p 0.25
ge 1.90 127 0.70 147 pm 0.22
32p 1.71 13meg 0.58 SN 0.20
oy 1.54 3% ar 0.56 35y 0.167
g 1.48 08¢ 0.55 140 0.156
B9y 1.46 90g,4 0.54 5l 0.076
210p;a 1.17 185y 0.43 63Ni 0.067
105pga 1.02 216y 0.38 228 0" 0.05
L43p; 0.93 188 ya 0.35 227 5 e? 0.045

5% 7n 0.90 297 0.29 10642 0.039
2041 0.76 *5ca 0.26 *u 0.018

Decays to daughter product(s) having other radiations that must be considered,
Table 3. Pure Gamma Emitters”
Isotope , Maximum b Isotope . Maximum » Isotope ) Maximum »
Energy {MeV) Energy (MeV) Energy (MeV)

B8y 1.84 7Ga 0.39(0.093) 123y 0.16

207y; 1.77(0.57) 87mgy 0.39 183pe 0.16

20644 1.72(0.80) Msmy, 0.39 123myp, 0.16

18505 0.88(0.63) 133g, 0.38(0.36) 298, 0.14

$4Mn 0.835 Y55 0.34 57Co 0.136(0.122)
3lg, 0.60(0.50) 105 Ag 0.34 L9Tmyy 0.134

T7gy 0.58(0.24) TRu 0.32(0.22) 15364 0.10

121y, 0.57 $ler 0.32 R 0.078

53Rrp 0.55 173¢ 0.27 YTy 0.077

BSg, 051 RS Y 0.25 125y 0.035

"Be 0.48 121m,., 0.21 125myy 0.035

87y 0.48 169yy, 0.20(0.063) H9mg 0.024

798¢ 0.40(0.26 -0.28) 1390, 0.17

“Most pure gamma emitters also emif x 1ays. Sometimes these X rays are of greater intensity than the gammas, and this
must be considered carefully when choosing a pamma emitter.

bWhere the maximum energy is not the principal (most abundant) eneygy, the principal energy is listed in parentheses.
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Table 4. Hard Gamma Emitters®

[sotope \ Maximum Isotope Maximum Isotope Maximum
Energy (MeV) Energy (MeV) Energy (MeV)

56Co 3.25 2641 1.81 28Mg 1.35

26 2841 1.78 50co 1.33

2.04 207p4 1.77 1.17

1.77 1.06 48y 1.31

1.24 206g; 1.72 47Ca 1.30

1.04 124 1.69 59Fe 1.29
2%Na 2.75 14054 1.60 1.10

1.37 2K 1.52 154py 1.28
66Ga 2.75 110,40 1.50 1.00-1.01

1.04 1.38 22Na 1.27
72Ga 2.5 82py 1.47 1821, 1.22-1.23

2.20 1.32 1.19
380y 2.17 1.04 112

1.64 65N 1.48 76 As 1.22
56Mn 2.11 1.11 4gc 1.16

1.81 40x 1.46 1301 1.15
116y, 2.1 52Mn 1.43 #6ge 1.12

1.29 152py, 1.41 557n 1.12

1.09 1.09-1.11 86Rb 1.08
124qy 2.09 56Cy 1.04

1.69

1.30
88y 1.84

41isted here are those gamma emitters that emit gamma photons having an energy greater than 1 MeV and occurring in
greater than 5% abundance. Where a radionuclide emits more than one gamma with energy greater than 1 MeV, all gammas

over 1 MeV are listed.
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Available Radioisotopes Listed According to Half-Life

To facilitate the choice of a radioisotope for a specific application, the available radioisotopes are
listed in Table S in order of increasing half-life.

Table 5. Available Radioisotopes Listed According to Half-Life

Half-Life” Radioisotopes Radiation Half-Life” Radioisotopes Radiation
37.3m e By 28 h Y5 1pm B .y, e
54 m Hémyp, B 32h 19304 B8 v.e”
$7m L03mpy IT,e” 334 Y30 87, v.e”
18h 199 8d 87y, e 35 1 T9Kr gt EC, 4
1.83h 18 g, EC 354 h 82p; 87,y
2.3h 1321 8y 36 h 105 Rh 6y
2.35h 165y By 38.7h "7 As 87y
2.56h 65N 8,y 40.2 h 140y, 87y
258 h 56 Mn 8,y 46.8 h 193¢m 8y
2.62h 3lgj 8 $3h 149pm 87y
2.8h B7mg, IT,e” 55h,5m E5Ni-50Cu B
39h *sc 8% EC, v 551, 4.5 h segsmy, By, M, e”
44n B3y BT, v, e 56 h pr EC, v, e~
6.7h 234py BLy.e” 61.7h 57Cu 87,y
7.5h e 67 64.0 b %0y e

83h S?pe 8%, EC, v 641 197y EC,v,e”
93 h LS2my g 687, EC, v, e 2.70d 198 8 .y
954 #6Ga g EC, v 2.1d 12244 BTEC, y
11.3h "Ge By 66.3 1, 6.02 h 29 Mo-2 9T 87T, v
12.3 h 139 87y 674h iy, BC, vy, e
1241 42g B,y 69.6 h *TRu EC,v,e”
12.7h 4cu 8, 8", BC, y 315d 19954 8 me
128 h 150y BT EC, v e 78 h 1329 8y
13h 123y EC, v, e” 78 h 7G4 EC,y.e”
13h Mo IT, ¢ 80 h 87y BC, 4
13.61,40s 109pg 109m,, BT, e 344 *7s¢ By
141,55 m 69M 69y I, 67, 87.4h 22%pa o,y
14.1h "2Ga By 90 h 186Re e
150 h 29Na 87,y 3.824d 22%pn o

170 1882 8 v.e 424 7S5yp 8 e
17h, 1.0 m 19T 5, B,y 4.2d 124 EC, 8% v
18h 15964 B v, e” 4.34d 193wmpy e’
192 h 142p, 87,y 453d,3.44d et 87y
19.4 h 194y By 5.0d 210y 3"

20 h 197py B e 5.34d 133xe 87,y
20.9 h 1334 87,y 5.7d 52Mn EC, 8%,y
21.1h.2.25m 28 My 28 AL 87,y 6.24d 206p; EC, vy, e”
221 g 8,y 6.5d 132 EC, 87,y
24 h, 64 h 197197y, IT, EC, v, e~ 6.7d 177y 8.y, e’
24 h 18T 8¢y 6.94d 1olyy 87y, e
26.4 h 76 Ay 8.7 7.5 d Hlag 8y
27.0h 16514 8, e 8d 129my, IT,e”

27 h L21gy 8" 8.06d 131y 8 v.e”

493, second; m, minute; h, hour; d, day; y, year.
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Table 5 (continued)

Half-Life? Radioisotopes Radiatjon Half-Life? Radioisotopes Radiatjon )
9.34 1695, 8 v e” 80 d 3As EC, v, e~

9.7d 131cg EC 83d 83Rb EC, vy, e i
11.1d 147Nd 8y, e 84 d 65 8,y

1144 "Ge EC 88 d 355 g

124,9.74 131, 131¢ EC,vy,e” 944 18305 EC, vy, e”

12d 3tmy, IT,e” 107 d Sy EC, v

12.8d, 40.2 h 1405 140; 5y 109d,9.3h 127m-127 e IT,8 ,e”

134 126 EC, 87,y 115d 182y B, v.e

13.6 d 143, 5 115d,1.7h :ann-‘“”‘ln EC,IT, vy,e”

143 d 32p - 120d Te IT, v,e”

15 d 1914, 2—’%3— 1204 75Se EC,v,e”

16.1d 48y, g EC, v 122d 181y EC,e”

174 103pq EC,e” 1294 70Tm By

17.8d 7% As EC,8%,87 .y 1384 139¢e EC,y,e” .
18.7d 86Rp 67y 138.44d 210p, o

24d,1.2m 2347 23%Mpy 8, v.e ~1444d '3%py EC,v,e”

25 d 33p 8 154 4d,174d 12lm-12lp, IT, EC, v,¢”

27.04d 233p, B e’ 163 d 2*2cm o y,e”

27.84d Sley EC, v l64d *3Ca 6"

31 d 169 vy EC, v, e~ 183 d 195 Au EC, v,e”

32.5d 141, 87,y 206 d 102Rh EC, 8, 8%

33 d 84pb 8% 87, EC, v j 240d 153Ga EC,v,e”

34 4d,69 m 129m1297, 1,87, v, e 244 d 857n 8* EC, v ;
35d 37 Ax EC 250d 119mg, IT, v, e~

354 %SNb 87,y 2534,24 s 110/m-110 50 g7, IT )
39.7d 103Ru 87,y 270 d 57Co EC, y,¢”

40d 10554 EC, y,e” 280 d, 68 m 68Ge98Ga EC, 8%,

425d 181, 8.y 284 d, 17 m 1440 144, g e

434 1smeg 8,y 3134 5%Mn EC, v

44.6 d 591 87,y 330d 9y EC

45.6d 237py EC, v, e” 1.01y,30s 106 pu106yy, 8,y

46.5 d 203y, 87,y 1.26y,40s 10904109, EC, v,e”,1T

50d,72s llam-114g, 87, IT, EC, e~ 14y 1731y EC, v, e~

s1d 895y g~ ~1.6y 179y EC

534 "Be EC, v 1.81y 155gy 8.y, e

584 125mpe IT,e” 191y 2281y ae”

594d Ny By 700 4 170py 8 v, e

60 d 1251 EC, v, e~ 207y 134¢s 8

60.2 d 1245y B 260y 22Na BT EC, v

65d 855r £C, v 2.62y 147pm 8~

65d,35d 95795 Nb 8y 27y 1255p By

69 d 188y, . 27y 5SFe EC

704d 183p, EC,y,e” 29y 208p,

704 175ys EC, v, e” 38y 2047y 87, EC

71d 580 8%, EC, v 526y ¢9¢o 87,y

72.44 1607y, 8,y e” 55y 146pm EC, 87,y

74 d 192y, g7, EC, v 57y 228Ra 8

754 185y, 5" 10.7y 133g, EC,v,e” .
77.3d 56co EC, 8%, v 107y 85Kr 87,y

s, second; m, minute; h, hour; d, day;y, year.




Table 5 (continued)

Half-Life® Radioisotopes Radiation Half-Life” Radioisotopes Radiation
123y ’H g~ 1600 y 226Ra oy
127y, 16y 152y 5% gy 87, EC, v, e” 5.73% 10° ¢ 14 g

14y 13meg By e 20x10%y 24Nb a7y
18y 4Spm EC, v,e 244 % 10% y 23%py ac”
8.1y 244 e oy, e 3.4 x10%y 231py Qv e
2.3y 2104, 8 v.e” g x10%y 2304y e
208y 227A¢ 8" 8 x10%y *INj g”
285y, 64.0 h 29520y g 162x16° y By ae”
30y 207g4 EC, v 2.1 %x10° y 2% 8"
30y,2.6 m 1370, 137Tmy, g7AT 3.0X10°% y 360y 2", EC
47y 4474 EC,v,¢” 7.4x10%y 2541 8* EC, 4
157y 232y ae” 214x10%y 237 oy, e”
87.6y 238py e 26X 10° Tt EC

88y 14864 @ 2.7%10%y 19g, g

~90 y lem 87,y 1.6x 107y 129¢ 8, v, e
92y 5313 8~ 7.13x 108 y 235 o,y e
~265 y 3% Ax 8" 1.28 X 10° y *ox 87,EC, v
433y 24 Am oy e 451x10°y 238y e
12x10%y 166MH0 8 me’ 139 X 10!y 321h e

45, second; m, minute; h, hour; d, day; v, year.
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U.S. Irradiators, Radiation Seources, and Radiation Processing Facilities

Inquiries are often received about the availability of radiation processing facilities; the firms that
provide services relating to source design and fabrication are also of interest to radioisotope users.
Below is an AEC list of many of the firms that provide these services:

I — Irradiator design, engineering, and/or construction
F - Source fabrication: cobalt-60 (Co), cesium-137 (Cs), strontium-90 (Sr)
P — Producers of cobalt-60 in nuclear reactor
M — Machine manufacturers
S — Irradiation processing facilities

| F (S
All American Engineering Company Atlantic Research Corporation
Development Division Shirley Highway and Edsall Road
Post Office Box 1247 Alexandria, Virginia 22314
Lancaster Pike and Centre Road Phone: (703) 354-3400 Ext. 1011
Wilmington, Delaware 19899

Phone: (302) 994-0951 LF (Co, Cs)

Atomchem Corporation

I 165 Marine Street
Ameray Corporation Farmingdale, Long Island, N.Y. 11735
87 Canfield Avenue Phone: (313) 756-9120
Dover, New Jersey 07801

Phone: (201) 584-9500 F (Co)

The Babcock & Wilcox Company

LF (Co) Washington Operations
The American Novawood Corporation R.C.A. Building
2432 Lakeside Drive 1725 K Street, N.W.
Lynchburg, Virginia 24501 Washington, D.C. 20006

Phone: (703) 239-8762 Phone: (202) 296-0390
LF (Co, Cs) I
American Nuclear Corporation Bechtel Corporation
Post Office Box 426 50 Beale Street
Oak Ridge, Tennessee 37830 San Francisco, California 94119

Phone: (615) 457-1234 Scientific Development Department

Phone: (415) 433-4567

IM
Applied Radiation Corporation (ARCO) I
2404 North Main Street Burnes & Roe, Inc.
Walnut Creek, California 94596 700 Kinderkamack Road

Phone: (415) 935-2250 Oradell, New Jersey 07649

Phone: (201) 265-2000

1
Associated Engineers & Consultants, Inc. S
(Affiliate of Stone and Webster Columbia Research Corporation
Engineering Corporation) Post Office Box 485
975 Stewart Avenue Gaithersburg, Maryland 20760
Garden City, Long Island, N.Y. 11530 Phone: (301) 948-2450

Phones: (516) 741-4350 or
NYCity (212) 895-3531



S

Electronized Chemicals Corporation

(Subsidiary of High Voltage Engineering

Corporation)

South Bedford Street

Burlington, Massachusetts 01803
Phone: (617) 272-2850

1

A. Epstein & Sons, Inc.

Engineers & Architects

201! Pershing Road

Chicago, {llinois 60609
Phone: (312) 847-6000

s

FMC Corporation

FMC Machinery/Systems Group

328 Brokaw Road

Box 580

Santa Clara, California 95052
Phone: (408) 289-0111

I

Food Industries Research and Engineering

33 South Second Avenue
Yakima, Washington 98902
Phone: (509) 453-4735

[

Oftice of J. Fruchtbaum

1965 Sheridan Drive

Buffalo, New York 14223
Phone: (716) 877-3350

LF (Co, Cs)

Gamma Industries, Inc.

Post Office Box 2543

2255 Ted Dunham Street

Baton Rouge, Louisiana 70821
Phone: (504) 342-7791

LF (Co)

Gamma Process Company, {nc.

160 Broadway

New York, New York 10038
Phone: (212) 233-8570

M

General Electric Company

X-Ray Department

4855 Electric Avenue

Milwaukee, Wisconsin 53219
Phone: (414) 383-3211

17

LF (Co, Cs, Sr), P (Co)

General Electric Company

Nuclear Energy Division

[rradiation Processing Operation

Vallecitos Nuclear Center

Vallecitos Road

Pleasanton, California 94566

Attn: Program Manager, A pplications Engineering
Phone: (415) 862-2211

1S

High Energy Processing Corporation

Industrial Park

New Bedford, Massachusetts 02745
Phone: (617) 995-9840

M5

High Voltage Engineering Corporation

Industrial Division

South Bedford Street

Burlington, Massachusetts 01803
Phone: (617) 272-1313

I
Holmes & Narver, Inc.
828 South Figueroa Street
Los Angeles, California 90017
Nuclear Engineering

Phone: (213) 627-4377

1

Irradco, Inc.

Post Office Box 2167

Allentown, Pennsylvania 18105
Phone: (215) 395-3391

Ls

Isotopes, Inc.

A Teledyne Company

Westwood Laboratories

50 Van Buren Avenue

Westwood, New Jersey 07675

Attn: Manager, Industrial Applications
Phone: (201) 664-7070

1
The Kuljian Corporation
1200 North Broad Street
Philadelphia, Pennsylvania 19121
Chief Nuclear Engineer

Phone: (215) 232-9000



LY (Co,Cs), S

Lockheed Georgia Company

Nuclear Products

Department 69-12, Zone 3

Marietta, Georgia 30060
Phone: (404) 424-7736

F (Cs)

3M Company

3M Center

St. Paul, Minnesota 55101

Nuclear Products, TCAAP-675
Phone: (612) 631-2420

1

Charles T. Main, Inc.

441 Stuart Street

Boston, Massachusetts 02116
Phone: (617) 262-3200

I

National Lead Company

Nuclear Division

Wilmington Plant

Post Office Box 2031

Wilmington, Delaware 19899
Phone: (302) 656-1661

LF (Co),S

Nuclear Materials & Equipment Corporation

609 Warren Avenue

Apollo, Pennsylvania 15613

Attn: Manager, Radiation Process Development
Phone: (412) 472-8411

I

Nuclear Technology Corporation

116 Main Street

White Plains, New York 10601
Phone: (914) 949-5660

LF (Co),S

Neutron Products, Inc.

Post Office Box 95

Dickerson, Maryland 20753
Phone: (301) 349-5660

I

Qak Ridge Atom Industries, Inc.

Post Office Box 429

500 Elza Drive

Oak Ridge, Tennessee 37830
Phone: (615) 482-1761
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F (Cs, Sr), P (Co)

(Oak Ridge National Laboratory

Post Office Box X

Oak Ridge, Tennessee 37830

Attn: Supervisor, Isotopes Sales Department
Phone: (615) 483-8611 Ext. 3-6661

MS

Picker X-Ray Manufacturing Division
Picker Corporation

595 Miner Road

Highland Heights, Ohio 44143

Attn: Supervisor, Isotope Facility

LS

Radiation Facilities, Inc.

63 Dell Glen Avenue

Lodi, New Jersey 07644
Phone: (201) 478-1200

LF {(Co,Cs),MS

Radiation Machinery Corporation

1280 Route 46

Parsippany, New Jersey 07054

Attn: Vice President, Marketing
Phone: (201) 335-6780

|

Reynolds, Smith and Hills

Post Office Box 4850

4019 Boulevard Center Drive

Jacksonville, Florida 32201
Phone: (305) 359-2011

M
Stearns-Roger Corporation
660 Bannock Street
Post Office Box 5888
Denver, Colorado 80217
Phone: (303) 222-8484 Ext. 4522

LF (Co)

Technical Operations, Inc.

Radiation Products Division

South Avenue

Burlington, Massachusetts 01803
Phone: (617) 272-2000

1S

Todd Shipyards Corporation

Nuclear Division

Past Office Box 1600

Galveston, Texas 77550
Phone: (713) SH 4-5331



i
United Nuclear Corporation
Grasslands Road
Elmsford, New York 10523
Attn: Manager, Markeling
Phone: (914) 592-9000 Ext. 265

M

Varian Associates

611 Hansen

Palo Alto, California 94304

Attn: General Manager, Radiation Division
Phone: (415) 326-4000

19

M

Westinghouse Electric Corporation

X-Ray Division

2519 Wilkens Avenue

Baltimore, Maryland 21203

Attn: Marketing Department
Phone: (301) 233-2300

I
Windsor Nuclear, Inc.
300 Governor’s Highway
South Windsor, Connecticut 06074
Attn: Plant Manager
Phone: (203) 3839-7541

Radioisotopes for Educational Purposes

Teachers and students sometimes find it difficult to obtain small quantities of radioisotopes for

experiments. In July 1968 the USAEC contacted all of the commercial producers of radioisotopes in

the United States and asked if they wished to be included on a list of suppliers of small quantities.

of isotopes for educational purposes. The following firms answered:

Amershamn/Searle Corp.
2000 Nuclear Drive
Des Plaines, Illinois 60018

Atomic Corporation of America
7901 San Fernando Road
Sun Valley, California 91352

Brinkman Instruments, Inc.
Cantiague Road
Westbury, New York 11590

Calatomic

P.O. Box 54282

Terminal Annex

Los Angeles, California 90054

Cambridge Nuclear Corporation
131 Portland Street
Cambridge, Massachusetts 02139

Eberline Instrument Corporation
P.0. Box 2108
Santa Fe, New Mexico 87501

General Radioisotope Processing Corporation
3120 Crow Canyon Road
San Ramon, California 94583

Catalog

Catalog

Catalog

Catalog

Minimum order $6.00 with $1.00 delivery charge

Catalog

Will supply any isotope requested
Catalog

Catalog



ICN

Nuclear Science Division

P.O. Box 10901

Pittsburgh, Pennsylvania 15236

The Matheson Company
P.O.Box 85
East Rutherford, New Jersey 07073

New England Nuclear Corporation
575 Albany Street
Boston, Massachusetts 02118

Nuclear Equipment Chemical Corporation
145 Florida Street
Farmingdale, New York 11735

Nuclear Supplies, Inc.
P.O. Box 312
Encino, California 91316

Radiation Materials Corporation
124 Calvary Street
Waltham, Massachusetts 02154

Tracerlab

Source Depariment

1601 Trapelo Road

Waltham, Massachusetts 02154

20

Minimum price $34--$45
Catalog

A source for gas mixtures containing isotopes of
85Kr, 14C, *H, and *° S for tracing and cali-
brating work

Catalog

Minimum order $20.00
Catalog

Minimum order $10.00
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AVAILABILITY AND SHIPPING INFORMATION

Generally, radioisotopes having half-lives of less than one week are shipped by air; longer half-life
materials are shipped by railway express or motor freight. Alternative methods may be used at the request
of the customer. Postal regulations are such that only very small amounts of activity can be sent by mail.
therefore, mail service is seldom used. Shipments are usually made freight collect, f.0.b. at point of delivery

to a common carrier.

Containers

Two types of containers are used routinely in making shipments of radioactive materials: the heavy.
shielded containers (Figs. 5—10) that must be returned to the supplier and the nonreturnable lightweight
containers (Figs. 11-12) which are used for only one shipment. At present, 90% of the shipments are
made in disposable containers. Up to 0.625 in. of lead for shielding may be included in this type of
container.

When the nature of the material makes it impossible for a supplier’s container to be used, the customer
must supply the container. All customers’ containers must conform to the existing Department of
Transportation regulations, and they must be suitable for use with the supplier’s equipment. Therefore,
before fabrication is started, the design should be submitted to the supplier for review.

Container designs that require approval by the USAEC in accordance with Title 10, Code of Federal
Regulations, Part 71, must have this approval prior to submission to the supplier. After the design has been
reviewed by the supplier, it should be submitted for approval to the Hazardous Materials Regulation Board.
Department of Transportation, Washington, D.C. 20590. Upon approval by the Department of
Transportation, the container is assigned a special permit number which must be displayed on the outside
of the container. Containers that do not carry such a permit number may not be shipped.

PHOTO 93388

¥
A

Fig. 5. Shipping Cask Suitable for up to 150 W (thermal) of Solid Nonfissile Radioactive Material and up to 10 Ci
of Liquid.
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PHOTO 93389

Fig. 6. Shipping Container Meeting the Requirements for Type B

Quantities of Radioactive Gas.

PHOTO 93390

Fig. 7. Standard Returnable Container
for Shipping Type A Quantities.
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PHOTO 93393

Fig. 8. Shipping Container Approved for 200 W (thermal) of Solid Nonfissile Radioactive Material.

PHOTO 93394

Fig. 9. Shipping Cask Approved for up to 200 kCi of Solid Nonfissile Radioactive Material That Meets the Definition
of ““‘Special Form.”
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PHOTO 93395

Fig. 10. Shipping Container Approved for up to 400 kCi of Solid Nonfissile Radioactive Material.

PHOTO 93391

Fig. 11. Standard Nonreturnable Shipping Package for Type A Quantities.
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FIBERBOARD BOX

COMPUTERCAP
TM.CANASS Y.

FOAM PAD

SERUM BOTTLE

FOAM PAD

LEAD ALLOY RADIATION
SHIELD WITH CAP

Fig. 12. Union Carbide Corporation (Neisler) Computercap ' ™ Radiopharmaceutical Shipping Package.

Radiation and Contamination from Packaged Radioisotopes

After radioactive material has been packaged for shipping, the container is checked for outside radiation
to ensure that the package meets USAEC, Department of Transportation, Civil Aeronautics Board, and
Coast Guard regulations. There must be no more than 200 mR/h at the surface of the container and no
more than 10 mR/h at 1 m from the surface. Transferable contamination on the surface of the package is
determined by wipes or smears and is subject to pertinent regulations. These values are usually listed on the
packing sheet accompanying the shipment.

Although every effort is made to have bottles or other inner containers as clean as possible, they should
be handled as though they were contaminated. Proper radiological safety procedures should be followed,
and equipment for handling contamination should be used at all times.

Responsibility During Shipment

The responsibility of the supplier for damage to shipments ordinarily ends when the shipment is
delivered to a common carrier, and claims for damages in transit usually will not be considered by the

supplier.



License Requirements

The procurement, delivery, possession, transfer, and disposal of radioisotopes in the United States are

governed by federal or state regulations or both. To obtain radioactive material from a supplier, the

customer must first procure a license either from the USAEC or from the appropriate state agency if the

customer is in a license-agreement state, that is, a state which has assumed the responsibility of controlling

the distribution, handling, and use of radioactive materials. I't is not a function of the supplier to approve or

disapprove such licenses. Inquiries about licensing should be directed to Isotopes Branch, Division of
Materials Licensing, U.S. Atomic Energy Commission, Washington, D.C. 20545 (telephone: 301-973-7491).

Agencies to be contacted in license-agreement states are:

Alabama

Alabama Department of Public Health
Division of Radiological Health

State Office Building, Room 313
Montgomery, Alabama 36104

Arizona

Arizona Atomic Energy Commission
40 East Thomas Road, Suite 107
Phoenix, Arizona 85012

Arkansas

Arkansas State Board of Health
Division of Radiological Health
Little Rock, Arkansas 72200

California

Department of Public Health
Bureau of Radiological Health
2151 Berkeley Way

Berkeley, California 94704

Colorado

Division of Air, Occupational, and
Radiation Hygiene

Colorado Department of Public Health

4210 East 11th Avenue

Denver, Colorado 80220

Florida

Florida State Board of Health

Division of Radiological and Occupational Health
P.O.Box 210

Jacksonville, Florida 32201

Idaho

Radiological Health Section
Idaho Department of Health
State House

Boise, 1daho 83707

Kansas

Kansas State Board of Health
Environmental Health Services
Topeka, Kansas 66612

Kentucky

Kentucky State Department of Health
Radiological Health Program

275 East Main Street

Frankfort, Kentucky 40601

Louisiana

Division of Radiation Control
Louisiana Board of Nuclear Energy
P.O. Box 44033

Capitol Station

Baton Rouge, Louisiana 70804

Mississippi
Mississippi State Board of Health

Radiological Health Unit
Jackson, Mississippi 39205

Nebraska

Nebraska State Department of Health
Radiological Health
Lincoln, Nebraska 68509

New Hampshire

New Hampshire Department of Health and Welfare
Division of Public Health Services

Radiation Control Agency

61 South Spring Street

Concord, New Hampshire 03301

New York

New York State Office of Atomic and Space
Development

P.O. Box 7036

Albany, New York 12225
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North Carolina Texas
North Carolina State Board of Health Texas State Department of Health
State Radjation Protection Program Division of Occupational Health and
Raleigh, North Carolina 27602 Radiation Control
Austin, Texas 78756
Oregon
Oregon State Board of Health Washington
Radiological Health Section Washington State Department of Health
P.0. Box 231 Division of Environmental Health
Poitland, Oregon 97207 Air Quality and Radiation Control Section
1510 Smith Tower
Tennessee Seattle, Washington 98104
Tennessee Department of Public Health
Industrial Hygiene Service
Cordell Hull State Office Building
Nashville, Tennessee 37219
Foreign Sales

Radioisotopes for elements with atomic numbers 3 through 83 (lithium through bismuth) may be
shipped to free-world destinations outside the United States without prior approval from the USAEC
provided the shipment is made directly to the destination. Export agencies, other organizations, or
middlemen arranging such shipments must obtain a license if they handle the material. However, shipments
can usually be made directly from the supplicr (by air or surface) to the destination without being handled
by intermediaries.

Radioisotope orders for non-free-world destinations and all tritium (except tritium targets) and
transuranium-element orders (except 2** Am) must be submitted on form AEC-391 to the Division of State
and Licensee Relations, U.S. Atomic Energy Commission, Washington, ).C. 20545. A statement of end use
must accompany each order before approval for shipment can be made,

Products Withdrawa from Routine USAEC Distribution

The policy of the US. Atomic Energy Commission is to withdraw from the production and sale of
radioisotopes that are comrercially available. Thus, many isotopes formerly available from Oak Ridge
National Laboratory and other USAEC laboratories have been withdrawn.

Lists of commercial producers and distributors of radicisotopes are contained in the following

publications:
The Isotope Index Scientific Equipment Company
360 pp., $10.00 P.O. Box 19086
Indianapolis, Indiana 46219
International Directory of Isotopes National Agency for International Publications, Inc.
487 pp., $9.00 317 East 34th Street

New York, New York 10016
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The exact AEC policy for transfer of production and distribution to private industry is reproduced
below (reprinted from the Federal Register, March 9, 1965):

ATOMIC ENERGY COMMISSION

Policies and Procedures for Transfer of Commercial Radioisotope Production and Distribution to Private Industry

Statement of Policy

Since 1946, the United States Atomic Energy Commission hos produced radioisotopes in its own facilities and distributed them for governmental
ond private use. In recent years, private facilities have become available which are capable of producing and processing some of these radicisotopes.
The Commission’s policy is to refrain from competing with private sources of materials when they are reasonably available commercially. Accord-
ingly, over the past years the Commission has discontinued production and distribution of selected types, quantities and qualities of radioisotopes
ond related services as these have become available from private sources.

There is currently a rapidly growing industrial interest in undertaking private production and distribution of increasing numbers of radio-
isotopes presently being distributed by the Commission. It therefore wishes to reaffirm its policy to transfer its commercial radicisotope production
and distribution activities to private industry as rapidly as possible consistent with the national interest. To provide for the arderly transfer fo private
operation, the Commission developed proposed policies and procedures for effecting such transfer. On September 16, 1964, the Commission pub-
lished in the Federal Register a request for public comment on the proposed palicies and procedures.

Interested persons were requested to direct their comments to the Secretary, United States Atomic Energy Commission, Washington, D.C.,
20545, within 60 days from that date. The Commission has now adopted policies and pracedures for the transfer of commercial AEC radisisotope
production and distribution activities to private industry, effective immediately upon the publication of this notice in the Federal Register.

Policies and Procedures for Transfer of Commercial AEC Radioisotope Production and Distribution Activities to Private Industry

The policies and precedures encompass:

a. The establishment of guidelines governing AEC withdrawal from production and distribution of particular radioisotopes, either volun-
tarily or upon petition of o private organization.

b. The establishment of a petition procedure by which private organizations may formally request AEC withdrawal from the production
and distribution of partisular radicisotopes.

c. The application of AEC radioisotope pricing policy.

d. The AEC position with respect to its conduct of radioisotope production technology research and development on those radicisotopes from
which it has withdrawn from production and distribution.

Withdrawal guidelines. 1. The AEC will voluntarily withdraw from the commercial production and distribution of particular cadioisotopes
whenever it determines that such radioisotopes are reasonably available from commercial sources.

2. The AEC will withdraw from the commercial production and distribution of particular radioisotopes on petition from a private organization
based upon a demonstrable private capability and encompassing the following but recognizing that all these factors need not be completely
satisfied:

a. There is effective competition in the production and distribution of the radicisotopes in question; however, o single source of supply
under certain conditions may be acceptable (e.g., very limited market). Foreign producers will be accepted in determining effective competition
provided they are actively marketing the radioisotopes in the U.S.

b. There is assurance that the private producers will not discontinue the venture in a manner that would adversely affect the public interest,
to the extent resumption of production by AEC would involve a significant delay.

c. The proposed private radicisotope prices are reasonable and consistent with encouragement of research and development and use.

Government isofope requirements. It is the Atomic Energy Commission’s policy to obtoin radioisotopes from commercial sources where it
has formally withdrawn from the production and distribution of those radiocisotopes. However, the AEC maintains the right to produce an isotope
for Government use in those circumstances where the Government is a substantial user, or the use is of special programmatic interest to the AEC,
and, where procurement from industry would result in significantly higher cost to the Government.

Filing a petition. 1. An organization requesting that the AEC withdraw from the production and distribution of o particular radicisotope
may submit a formal petition to this effect. Such a petition should contain sufficient evidence to demonstrate adequate technical, financial and
managerial resources, as well as seriousness of intent.

2. The petition should include:

o. Product specifications to show evidence of their comparobility to AEC products or adequacy to meet user demands.

b. Estimate of curvent demand. (The petitioner's production capabilities in conjunction with that of other suppliers should be adequate to
meet this demond.)

c. The petitioning crganization’s production, processing and distribution capability, including identification of the production facilities (e.g.,
nuclear reactors and/or cyclotrons) available to it and the extent of commitment upon them in relation to market requirements.

d. Price schedule.

e. Delivery schedule.

f. Proposed date of AEC withdrawal.

The AEC may request additional information if the above information is inadequate for AEC to make a finding.

3. Upen making a finding favorable to the petition, the AEC will publish for public comment:

a. The private organization’s petition or o summary thereof, exclusive of company confidential information, and will designate the place
where a copy of the petition, exclusive of company confidential information, may be seen. (The petitioner should identify these portions of his
petition which contain company confidential information; however, the information published must be sufficient to permit meaningful public
comment.)

b. A notice of AEC’s intent to withdraw. AEC will muke a final decision on the withdrawal petition upon receipt and evaluation of public
comment.

4. Upon making an unfavorable decision on a petition, either prior to or subsequent to receipt of public comment, AEC will inform the peti-
tioning organization of the reasons for its decision.

5. When AEC determines to withdraw voluntarily from the commercial production and distribution of particular radioisotopes, it will
similarly publish a notice of such intent for public comment.
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AEC radioisotope prices. 1. AEC radicisotope prices will be established to provide reasonable compensation 1o the Gavernment (which
ardinarily will be the higher of AEC full cost recovery or reasonable commercial rates) unless this would significantly intecfere with (u) research
and development and use or (b) encouragement of private sources of supply. In individual cases, if (0) and (b) cannot be equally accommodated,
greater weight will be given to encouragement of research and develapment and use.

2. The AEC will publish a 30 day prior notice of proposed price changes, including the reasans for the proposed changes.

3. The AEC will not change the price of a radioisetope during the period it is reviewing a petition for AEC withdrawal from preduction and
distribution of that isotope.

AEC radioisotope production technology research. 1. AEC will place the conduct of radioisotope production technology research and
development it deems necessary to be carried out with groups mest qualified to perform such work, whether these be AECfacilities or private
organizations,

2. AEC will conduct or support production technolegy research und development on radicisotopes fram which it has withdrawn as it deems
necessary, but only to the extent that AEC has satisfied itself that industry is unable, is unwilling or simply is not carrying out such work adequately
or where it determines thot direct AEC effort is necessary in the interest of the atomic energy program.

(Sec. 161, 68 Stat. 948; 42 U.S.C. 2201)
Dated at Washington, D.C., this 2d day of March 1965.

For the Atomic Energy Commission.

W. B. McCool,
Secretary

[E.R. Dac. 65-2382; Filed, Mar. 8, 1965; B:46 a.m.)

Generally Licensed Quantities and Exempt Concentrations of Radioisotopes

The USAEC and the regulaiory states maintain control of all by-product material, that is, all man-made
radioactive material and all enriched natural radicactive material. Rules and regulations require that specific
licenses be issued to named persons only aftec applications are filed under the provisions of Title 10, Code
of Federal Regulations, Parts 30 to 36. However, in order to encourage the use of radioisatopes, the
USAEC has set up two ways whercby radioisotopes can be obtained and used without going through the
formality of acquiring a specific license. Under the exempt concentrations rule, certain radioisotopes can be
obtained as long as the radioactivity does not exceed a specific concentration. Alternatively, under the
generally licensed quantities rule, anyone can abtain certain radioisotopes in any concentration as long as
the radioactivity does not exceed a certain quantity (see Table 6).

Table 6. Exempt Radivisotopes

Generally Exempt Concentrations
1 Licensed . - -
Element sotopes Quantities? Gas Solid (uCi/g)
(uCi) (uCi/ml) or Liquid (uCi/ml)
Antimony 122¢y, 3x 107
124g4 1 2% 107"
125gp 1x10°3
Argon 37 Ar 1x1073
Ar 4x1077
Axsenic 73 ps s5x1073
74 As 5x107°
T As 10 2x107*
7T As 10 8x10™*
Barjum 13lg, 2x107°
140g, 1 3x107

A mounts listed are for unsealed sources. Amounts permitted for sealed sources are slightly
higher for most radioisotopes.
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Table 6 (continued)

Generally FExempt Concentrations
Licensed - -
Flement Isotopes Quantities® Gas Solid (uCi/g)
uCi) (uCi/ml) or Liguid (uCi/ml)
Beryllium "Be 50 2% 1072
Bismuth 206p; 4x107*
Bromine 82py 4x1077 3%x107°
Cadmium 109¢4 10 2%x1073
115m0y 3x107?
150y 3x10™
Calcium 45Ca 10 9% 107"
47Ca s5x10™
Carbon 14c 50 1x107° 8% 1073
Cerinm 141¢ce 9x10™*
143 4x107°
144 e 1 1x107°
Cesium 131¢y 2%x1072
134mg 6X1072
1340y 9%x107°
137CS 1
Chlosine 36¢y 1
B 9%x1077 4%x1073
Chromium S1cr 50 2X1072
Cobalt 57Co 5x1072
58Ca 1x107°
80co 1 s5x 107
Copper 64Cu 50 3x107°
Dysprosium 165py 4x1072
166y 4x107*
Erbium 169, 9x 107
171g, 1x107®
Europium 152y 6x107"
154 Eu 1
155gy 2x1073
Fluorine 18 50 2% 1078 gx 1073
Gadolinium 153G4 2%x1073
1594 §x10™
Gallium 2Ga 10 4x107*
Germanium 1Ge 50 2x1072
Goid 196 44 1% 1073
198 44 10 s5x107*
19944 10 2x1073

@A mounts listed are for unsealed sources. Amounts permitted for sealed sources are slightly
higher for most radioisotopes.
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Table 6 (continued)

Gfmerally Exempt Concentrations
Element Isotopes Llcefl?ed G Sotid (uCije)
Quantities? a8 Solid (uCi/g)
(uCi) (Ci/ml) or Liquid (uCi/ml)
Hafnium 181y 7x 10
Hydrogen 3n 250 5%1078 3x 1072
Indium 113my, 1x107?
1am 2x107*
Todine 1264 3x107° 2% 1075
131y 10 3x107° 2X107°
132y gx107® 6x 107
133y 1x1078 7x107°
134y 2x 1077 1x1073
Iridium 1907, 2x1072
192y, 10 4x107*
1944, 3x 107
fron 5%ye 50 gx 1073
59 1 6x107*
Krypton 85my, 1x107¢
85Ky 3x1078
Lanthanum 1401, 10 2x107*
Lead 203py, 4x1073
Lutetium 1771 4 1x1073
Manganese $2Mn 1 3x107
54Mn 1x107°
56Mn 50 1x1073
Mercwry 197y 2%107°
197y, 3x 107
203y, 2%x 107
Molybdenum 99Mo 10 2x1073
Neodymium 197Ng 6x10™
149n4 3x 1073
Nickel 59N 1
63N 1
55 N3 1x1073
Niobium %5Nb 10 1x1073
2TNb 9x107°
Osmium 18505 7x10%
191"10S 3 X 10—2
19104 2x 1072
19305 6x107°
Palladium 103py 50 3x1073
109py4 10 9x10*

2Amounts listed are for unsealed sources. Amounts permitted for scaled sousces are slightly
higher for most radioisotopes.
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Table 6 (continued)

Generally Exempt Concentrations
Element Isotopes Licensed i 3
~ p Quantities? Gas Solid (uCi/g)
wCi) (uCi/ml) or Liquid (¢Ci/ml)
Phosphorus 32p 10 2x107*
Platinum 191p 1x1073
193)711;,t 1X 10*2
199Mpy 1x1072
197py 1x1073
Polonium 21 0Po 0.1
Potassium RES'e 10 3x 1073
Praseodymium 142p, 3x10™
143PI 10
Promethium 197pmy 10 2x1073
149pm ax10™?
Rhenium 183pe 6x 1073
186pe 10 9x107™
188pe 6x10™
Rhodium 103mph 1x107!
105ph 10 1x1072
Rubidium 86Rb 10 7x107*
Ruthenium 27Ru 4%x1072
1034 gx10™
105Ru 1x107
106pu 1 1x107
Samarium 1538m 10 gx 107
Scandium 46ge 1 ax10™
475¢ 9x10™*
48g¢ 3x107*
Selenium 75ge 3x1073
Silicon 3g; 9x1073
Silver 105 49 1 1x1073
1 IOmAg 3 X 10'4
Hlag 10 ax10™
Sodium 22N 10
24Na 10 2% 1073
Strontium 8951’ 1 1x107%
90g, 0.1
gy 7x107
928y 7x107°

@A mounts listed are for unsealed sources. Amounts permitted for sealed sources are slightly

higher for most radioisotopes.
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Table 6 (continued)

Generally Exempt Concentrations
Licensed
Element Isotopes Quantitios? Gas Solid (xCi/g)
uCi) (Ci/mb or Liquid (Ci/ml)
Sulfur 35¢ 50 9x1078 6 X107
Tantalum 182Ta 10 4x107°
Technetium semy, 1x107?
96p¢ 1 1x1073
99Tc 1
Tellurium 125mp, 2x1073
Y2amy, 6Xx10™
127pe 10 3x1073
129mp, 3x107°
129Te 1
131mp, 6x107*
1321 3x107
Terbium 16O'l‘b 4x10™
Thallium 2004 4x1073
201, 3x1073
2027y 1x1073
2044 50 1x1073
Thulium 17010 5x107°
Yl 5x1073
Tin N3¢, 10 9x 107
125, 2x107*
Tungsten 181y 4x1073
185w 10
187y 7x107*
Vanadium 8y 1 3x10™
Xenon l31m)(e 4x10°®
133y, 3x107°
135y 1x107¢
Ytterbium 175yy 1x1073
Yitrium 90y 1 2x107*
9limy 3Ix1072
Ny 1 3x107?
2y 6X10™
93y 3x10™?
Zine 557n 10 1x1073
69mZ]_1 7 X 10—4
5% 7n 2%1072
Zirconinm 9521‘ 6X107*
977y 2x 10"

2Amounts listed are for unsealed sources. Amounts permitted for sealed souices are slightly
higher for most radioisotopes.
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Table 6 (continued)

Generally Exempt Concentrations
Element Isotopes Licensed i i
p Quantities? Gas Solid (uCi/g)
(uCi) (uCi/ml) or Liquid (uCi/ml)
Beta- or gamma-emitting 1 x1071° 1x107®
by-product material not
listed above, having a
half-life less than 3 y
Beta- or gamma-emitting 1

material not listed above

2 Amounts listed are for unsealed sources. Amounts permitted for sealed sources are slightly
higher for most radioisotopes.

METHODS OF PRODUCTION

Radioisotopes are produced in reactors and in accelerators — particularly cyclotrons. They can be
separated from other elements by chemical means and from other isotopes by electromagnetic separators.
In both cyclotrons and nuclear reactors, several different nuclear processes produce radioisotopes.

In nuclear reactors, there are essentially two processes: fission and neutron activation. Fission of
uranium produces a wide range of radioisotopes of the elements zinc through gadolinjum. Figure 13, the
well.known “saddle” curve, shows the usual distribution from fission of 235 U. Probably the two best
known fission product isotopes are °°Sr and !37Cs. Since several isotopes of an element are often
produced, isotopic purity is not usually very high. Isotopic purity of fission-produced radioisotopes is
dependent on time in two ways: the length of time the uranium was held in the reactor and the elapsed
time between removal from the reactor and processing.

The three most common neutron reactions are (n,7), (1,p), and (i, @). The (n,7) process takes place
when a necutron is captured by a target atom and a gamma photon is emitted; it is the most common
neutron reaction. Since no change in the atomic number occurs, the radioisotope is of the same element as
the target atom and cannot be separated chemically from the target. The (71,7) process is a low-energy
thermal neutron reaction. An example is 23Na + n > 2%Na + v, also written >*Na(n,v)?*Na. Other (n,7)
reactions are given in Table 7.

The (n,7) reaction can be used to _snerate a high-activity-concentration product if the radioisotope
produced (parent) decays to a radioisotope (daughter) that can be separated chemically. Examples of this
reaction are given in Table 8.

Neutrons of higher energy may take part in an (7,p) reaction. In this process a neutron enters a target
nucleus with sufficient energy to cause a proton to be simultaneously ejected. As a result the atomic
number is reduced by 1, but the atomic weight remains the same; the affected atom is transmuted into a
different element and can be separated chemically from the target material. Typical examples of the (n,p)
reaction are given in Table 9.
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Fig. 13. Distribution of Fission Products from 235U, 233y and 239py.



Table 7. Isotopes by (n,7) Reactions

decay .
Table 8. Isotopes by (n,y =) Reactions

46Ca(m,v)*"Ca
8“Sr(n,fy)BsSr
81Br(n,'y)s“"Br
IOBCd(n’,r)lOS)Cd
197Au(n,'y)198Au

76Ge(n,~/)77Ge £, 77 As

110p4(n 1) 11pg B, 111,,

1245, 1112580 Borasgy

EC
124Xe(n,'y)125Xe > 12SI

198p4(,,.4) 2Pt B 199,

Table 9. Isotopes by (n,p) Reactions Table 10. Examples of Typical Cyclotron Reactions

14N('l,p)mC (p.n) $SMn(p,m)° °Fe
32 S(n,p)3 2p (p.2m) 9SMo(p,2n)° > Te
35C1n,p)*5S . 25Mg(p, )2 Na
58Ni(n,p)5 8Co (p,pn) 48Ca(p,pn)‘”Ca

The (n,0) process is also a high-energy reaction. It results in the absorption of a neutron and the
ejection of an alpha particle. The atomic number of the target is reduced by 2, and the atomic weight is
reduced by 3. Chemical separation is possible, since the target and the radioisotope produced are different
elements. An example of the (n,0) process is 27 Al(n,a)** Na.

The cyclotron produces radioisotopes by bombarding targets with charged particles, usually protons or
deuterons. Typical cyclotron production reactions are shown in Table 10. Since these reactions all involve
high-energy “projectiles,” there is almost invariably the simultanecus ejection of a neutron or other
particle; furthermore, the radicisotopes produced are usually neutron deficient and are transmutation
products, so that they may be chemically separated in near theoretical activity concentration. Otherwise,
the processing of the target is very similar to that for neutron products.

Activity Production Calculation

The basic equation used to calculate the activity of a radioisotope produced by exposure of a target in a
reactor is

4= NfeS
(37X 10'%)

where A is the activity in curies, f is the neutron flux (neutrons cm™? sec™!), o is the activation cross

section of the target isotope (ecm?), N is the number of atoms of the target isotope, S is the saturation
factor (Table 11 and Fig. 14). The number of atoms of the target isotope can be calculated by

N=NokW/M

where N, is Avogadro’s number, 6.02 X 10*® atoms per gram atomic weight; k is the fraction of the atoms
of the target clement that are atoms of the target isotope (e.g., for production of 2°4Tl, the fraction of
thallium that is 2°3TI); W is the weight of the target element in the target in grams (e.g., a T, O3 target
weighing 0.60 g contains 0.54 g of thallium); M is the atomic mass number of the target isotope (e.g., if
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20379 is irradiated to get 2°*TI, then M is 203). The saturation factor is§ = 1 — e ™, where ¢ is the length
of time of irradiation, and X is 0.693/7 where T is the half-life of the produced radicisotope. The saturation
factor is often set at 1 when the length of time of irradiation approaches five or more half-lives. Values of §
are given in Fig. 14 and in Table 11.

Table 11. Growth of a Radioelement
(Produced at Constant Rate)

§ = fraction of saturation value = 1 -~ e‘M

Half-Lives S Half Lives S
0.01 0.0069 | 0.98 0493 | 196  0.743
0.02 0.0138 |  1.00 0.500 198  0.747
0.04 0.0273 ' 1.02 0.507 200 0.750

l

l

T
0.06 0.0407 | 1.04 0.514 2.05 0.759
0.08 0.0539 | 1.06 0.520 2.10 0.767
0.10 0.0670 | 1.08 0.527 2.15 0.775
0.12 0.0798 | 1.10 0.533 ' 2.20 0.782
0.14 0.0925 ‘ 1.12 0540 | 225 0.790
0.16 0.105 1.14 0.546 ’ 2.30 0.797
0.18 0.117 1.16 0.553 2.35 0.804
0.20 0.129 r 1.18 0.559 2.40 0.811
0.22 0.141 1.20 0.565 2.45 0.817
0.24 0.153 1.22 0.571 2.50 0.823
0.26 0.165 1.24 0.577 2.55 0.829
0.28 0.176 1.26 0.582 | 2.60 0.835
030 0183 | 128 0588 | 265  0.841
0.32 0.199 || 1.30 0.594 ! 2.70 0.846
0.34 0.210 : 1.32 0.599 2.75 0.851
0.36 0221 I} 1.34 0.605 2.80 0.856
0.38 0.232 1.36 0.610 2.85 0.861
0.40 0.242 1.38 0.616 2.90 0.866
0.42 0.253 1.40 0.621 ©  2.95 0.871
0.44 0.263 1.42 0.626 | 300 0875
0.46 0.273 1.44 0.631 3.10 0.883
0.48 0.283 1.46 0.636 3.20 0.891
0.50 0.293 1.48 0.641 3.30 0.898
0.52 0.303 1.50 0.646 3.40 0.905
0.54 0.312 1.52 0.651 3.50 0.912
0.56 0.322 1.54 0.656 |  3.60  0.918
0.58 0.331 1.56 0.661 3.70 0.923
0.60 0.340 1.58 0.666 3.80 0.928
0.62 0349 | 1.60 0.670 | 3.90 0.933
0.64 0.358 1.62 0.675 |  4.00 0.938
0.66 0.367 1.64 0.679 [ 4.25 0.947
0.68 0.376 1.66 0.684 |  4.50 0.956
0.70 0.384 1.68 0.688 475 0.963
0.72 0.393 1.70 0.692 5.00 0.969
0.74 0.401 1.72 0.696 5.25 0.974
0.76 0.410 1.74 0.701 5.50 0.978
0.78 0.418 1.76 0.705 [ 5.75 0.981
0.80 0.426 1.78 0.709 6.00 0.984
0.82 0.434 1.80 0.713 6.50 0.989
0.84 0.441 1.82 0.717 7.00 0.992
0.86 0.449 1.84 0.721 7.50 0.994
0.88 0.457 1.86 0.725 8.00 0.996
0.90 0.464 1.88 0.728 9.00 0.998
0.92 0.471 1.90 0.732 10.00 0.999
0.94 0.479 1.92 0.736
0.96 0.486 1.94 0.739 |

L
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Fig. 14. Growth of a Radioisotope.

10

To demonstrate the use of these two formulas, let us calculate the activity of a 0.6-g target of Na; CO,
exposed for seven days in a reactor with a neutron flux of 5 X 10! neutrons cm ™

sec ™! to produce 2* Na.

2
First, calculate the value of N; k = 1 because stable sodium is mononuclidic, M = 23 from the stable sodium

isotope 2*Na, and W = 0.26 (i.e., 2Na/Na,; CO, = 46/106 = 0.43;0.43 X 0.6 = 0.26). Thus

23
= (6:02% 1023 YINO026) _ oy 102!

This value is then used to calculate the activity, 4: N= 6.8 X 10** ;£ is given as 5 X 10' ! ; the cross section

for the (,y) reaction in 23Na is 0.6 barn, or 0.6 X 1072* cm?; and S = 1 because the seven-day irradiation
period is longer than five half-lives of 24Na, which is T = 15 h. Finally, we see that

4 = (68X 102 1)(5 X 10'1)(0.6 X 1072%)(1)
37X 1010 ’

A =0.055Ci or 55 mCi of 2*Na.
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TYPICAL ASSAY METHODS USED IN RADIOISOTOPE PRODUCTION

The methods for the calibration and routine measurement of common radioisotopes given in this
section are typical of the methods generally used commercially. For those used at Oak Ridge National
Laboratory, estimates of both the accuracy of disintegration-rate determinations and the precision of
routine measurements are furnished in Table 12. The latter value indicates the reproducibility to be
expected among several shipments of a given material. Accuracy refers to the routine measurement of
millicuries per milliliter in shipments, rather than to the primary calibration itself (i.e., by coincidence or 47
counfing). Modes of decay and values for half-lives are included. A radioactive daughter is usually listed
with its parent (e.g., * *3Sn-! '3In) if its half-life is short cornpared with that of the parent; otherwise it is
listed under “Remarks.” Also under “Remarks™ are listed some radioactive daughters, isotopic impurities,
and gamma energies in MeV for single prominent gamma rays that will permit quantitative garnma
spectrometry. References 1—3 should be consulted for details of decay schemes, and references 4 and 5 give
some generalities on assay methods,

Many radioisotopes are shipped in solution form, and volumetric techniques are used to obtain the
sample for activity measurements. When beta activity is to be determined, the sample is dried on a suitable
film or plate and mounted so that it can be inserted in a counter. Samples for gamma and x-ray
spectrometry are often dried on 1-in. watch glasses, while measurements of total gamma activity are made
on liquid samples.

The fundamental method of standardization of beta-gamma-emitting nuclides is 47 beta-gamma
coincidence counting, employing an instrument in which the beta detector is a 47 counter and the gamma
detector is a Nal(T}) scintillation spectrometer, equipped with a differential and integral analyzer circuit.
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Table 12. Methods for Assay of Radioisotopes

. Decay Assay Instrument® Limit? of  Precision®
Isotope Half-Life Modes Cotibration. Routine  Extor (%) @ Remarks

227 6¢ 218y I W LS Calibrated by &
of Th daughter

265 74%x10%y g% EC,y 25 5 Counting of v+

241 A1 433y oy, e D W 5 3

122g4 2.75d a7, EC, v PC IC, SC 10 2

124gp 60.2d 87,y 4nC IC, SC 10 2 y=1.69

125gp 2.7y 87,y 4nC IC, SC 10 2 125Mye daughter

37 Ar 354 EC 7S ¥S 10 5 Bremsstrahlung
distribution integrated,
4 X 107 Brm/dis

3%Ar ~265y g~ c? S Bremsstrahlung measured

3 As 80 d EC, v e X, vS X, 48 30 10 74 As by 1S

T%As 17.84 EC,8%,87,v 1S 8 30 5

T6As 26.4h 8,y A IC, SC 10 2

7 As 38.7h 87,y 4n PC 10 5

131g, 124 EC,y,e” S S 10 5

133pa 107y EC, v, e~ IC IC, 7S 10 2

140p, 12.84d 8,y 4nC IC, PC 10 5 1407 5 daughter

TBe 53d EC, v IC IC, SC 5 2

10ge 27x10%y g PC PC 905y standard

206p; 6.24d EC, v,e” X-C ¥ y=1.72

207g;4 30y EC, v X—~C ¥S 4=1.06

210p; 5.0d g~ PC PC 10 5 21%p4 daugiiter

77gy 56 h EC,v.e” X—C ¥ y=0.52

82p; 35.4h 87,y 4aC IC, SC 5

10904 1.24y EC,v,e” +S 48 20 5 1091m 5 ¢ daughter;
X-fay measurement

113meoy l4y 8~ PC PC 205y standard

Hismeg 434 87,y 4n PC 10 3

150q 55h 8,y 48 PC 20 5 y of 1131 daughter
measured

*5Ca 164 d g~ 4ar LS 10 3

47Ca 4.53d 8,y 4nC 48 10 2 475 daughter

14¢ 5.73%x10%y g LS LS 5 5

139¢ 138d EC,vy,e” XC +S

14 32.5d 8,y 47C ¥S 10 5 Correction for
144 (see below)

143 e 33h B, v, 4nC 48 v =029

1440ce 284 d gve” PC PC 10 4 149 pr daughter

1310 9.7d EC S ¥S 10 5 X rays counted

13204 6.54d EC,87, v X+C ¥S

13805 207y 87,y 4nC Ic 10 2

137¢5 30y g IC IC, SC 5 2 137mg . daughter

360y 3.0x10%y 87, EC LS LS 5 3

3801 373m 87,y 8, IC 48, IC y=2.17

Sy 278d EC, v X—yC IC, SC 10 5

56¢o 77.34 EC. 8%, v ¥S ¥S 5 3

57co 270 d EC,v,e” 45 +S 10 5

58¢o 71 d g EC, v %5 IC, SC 10 2

80¢o 526y BT,y 4aC IC, SC 3 2
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Table 12 (continued)

. Decay Assay Instrument? Limit® of  Precision®
Isotope Half-Life Modes Catration Routims Error (%) %) Remarks
e 12.7h B, B", EC, v 1C IC, 5C 20 2
57¢Cu 61.7h 8, +8 +S 10 5
2920 1634 e’ D W 3
2%4%0Cm 8.1y a,y,e” D W 3
15%9py 1444 EC,v,e ¥ 48 X rays counted
165y 2.35h 8,y PC PC 21034 standard
1695, 9.34d 87,y e LS LS 60¢Co standard
171, 75h 87, y.e” ¥S ¥5 ¥ = 0.30-0.31
1sog, 128h 87, EC, y,e”  PC rC
152mp, 9.3h 87,EC,v,e”  +S,IC +8,1C v =0.96
152p015%60  12.7v;16y B L,EC,me; S 3C, 45 30 5
B, v.e
155g, 181y B me 4nC 4S
18y 110 m g*, EC 48,1C 48, IC e
14804 88y o W W
15364 2404 EC,v,e” X—~C +S v =0.10
159Gd 18h 8,1, e 48 ~8 v=10.36
66Ga 9.5h Bt EC, v +8 S vt
57Ga 78 h EC, v, e~ XC ¥S ¥ =0.30
72Ga 14.1h 87,y ar IC, SC 10 2
58Ge 280 d EC ¥S ) 53Ga daughter; 'yJ~r
"1Ge 1144 EC X X 10 5
TGe 11.3h 8,7 ¥S ¥S v=0.56+0.63
1954 183d EC,vy, e X-C S X rays counted
19854 2.70d 87,y 45 C IC, SC 3
199 Ay 3.154d 8.y, e” 4nC IC, +S 10 5 198 Ay by 48
1750e 70 d EC,~,e” X—C +S
1814 42.54 87y S 4S5 10 5 0.48-MeV v measured;
YISHf by 7S
le6my, 1.2x10%y 8 . e S +S v=0.81+0.83
o6y, 27.0h 8, v, e 4 PC
3y 123y 8" LS LS 5 5
iy, 67.4h EC,v,e” ¥ ~8 vy =0.25
Ham118 . spd;72s IT,EC,e"; 4 PC 10 4 8 disintegration
g, EC rate measured
temy, 54 m 8,y ~S Various ¥y=1.29
123y 13h EC, vy, e~ 7S 78
1241 4.24 EC, g%, v S S v=1.69
1254 60 d EC,vy,e ¥S ¥S 20 s Sum-coincidence
calibrated
1264 13d EC, 87,y 48 +S U3gh standard
129 1.6x107y B v, e cC 48 10 5
130y 12.3h 8,y IC SC, IC 10 ‘
131y 8.06 d 8.y, e” 4nC IC, SC 3 2
132 2.3h 8.y 48 8, IC v=0.65+ 0.67
1334 209h B,y +S S v=0.53
192, 74 d BLEC, vy 4n 1C, SC 20 2 B disintegration

rate measured
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Table 12 (continued)

. Deca Assay Instrument” Limit? of  Precision®

Isotope Half-Life Mo dei Calibration Rontme  Etror (%) %) Remarks

194y, 19.4h 87,y 4n PC 10 5

52Fe 83h g%, EC, v +S 48 ¥=0.17

SSpe 27y EC X X 30 10 59Fe content by IC,
)

59Fe 4464 87,y 4nC IC, SC 5 2 55Fe content by X

9Kr 35h g% EC, 48 48 10 5

Bsmyy 4.4h 81T, v, e” ~S ~8 v=0.15

BSkr 107y 87,y PC ¥ 10 3

140y, 40.2h 8y 4nC IC, SC 5 2

210py 213y 8, 1. e PC 1S 210g; calibration

17314 14y EC,v, e X~C +8 =027

Y170 6.7d 8 v e 4nC ¥S =021

28)Mg 21.1h B,y 7S 7S, 1C 28 A) daughter;
y=1.78

52Mn 5.7d EC,8%, v S +S v = 1.43

$%Mn 313d EC, v X-nC IC, SC 3 2

565n 2.58h 87,y ~8,1C 8, IC

1974, 64 h EC, 7, ¢ +S 5 10 5 K x rays + 0.077 v
assumed 100%

203y, 4654d 87,y 4aC IC, SC s 2

Mo 66.3h 8.y 4nC PC 10 2 $9MT 0 daughter

147N 11.14 B .y, e 4nC IC, SC 10 3 1479y daughter

149%d 1.8h 8, v, e ¥ S y=0.27

237Np 214X 10%y  a,4,e W W

S9Ni gx10%y EC X X 30 10

53Ni 92y g PC LS 30 10

65Ni 2.56 h 8,y +S ¥S v=148

56Ni-8SCu 55h;5m 8787,y 1S +S v=1.04

24Nb 20x10%y 8,y ~8,IC 48, IC 3 2

°SNb 35d By 47C IC, SC 5 2

1850 94 d EC,v,e” X-C "S y=0.65

191mnyg 13h IT, e ¥S 7S By 1°'0s daughter

1910 15d 8,7, e 28 +S 20 5

1930 32h g,y e 4nC PC

103pg 17d EC,e” X X Cotrected for
103mph x ray

109p4 13.6 h g ,IT, e PC PC 10 5 1097 5 ¢ daughter;
109¢q standard

32p 14.3d g~ 4 PC 3 2

33p 25 d g~ LS LS 10 3 #5Ca standard

193rmpy 434 T, e” +S 1S K x disintegration
rate reported

197p; 20h 8,1, e” ¥S ¥S

237py 45.6d EC,v, e~ 4S 7S K x disintegration
rate reported

238py 87.6y a.e D w 5 3

239py 244%X10%y  a.e D W 5 3

208p, 29y o D w 5 3

210p, 1384 d a D W 5 3
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Table 12 (continued)
) Deca Assay Instrument’  [imit® of  Precision®
Isotope Half-Life Mo dc:: Calibration Remer Error (%) %) Remarks

40y 128x10°y g7, EC, vy +S 1S Chemical K. standard

42k 1241 B8y 4nC IC, SC 5 3

i8S 22h 8,7 48 ¥8 5 3 =052 + 0.61

142p; 19.2h 8,y 4xC IC, PC 10 5

143p; 13.64d g~ an PC 10 a4

145pm 18y EC, vy, e~ S ¥8 K x disintegraiion
rate reposted

146pm 55y EC,87, v S S v=0.74 + 0.75

147py 262y 8~ 4n .S 5 3

1495, 53h B .y 47 PC

151pny 28 h 8y, e ~S +8 N = 0.34

231p, 3.4x10%y a,v,¢e” D W

233p, 27.04 8, v, e +5 4 10 3 Calibration by o
of 237 Np parent

234p, 6.7h 8.y, e ¥S 7S 5 =0.90

224Ra 874 h o,y S ¥S 2281y, standard
(parent)

226pa 1600 y a,y Various  Various

228p, 57y g~ 7S S 0.91--0.96-McV v
from 228 Ac daughter

222gq 3.824 a G G

183pe 70 d EC, v, e~ X—C +S v=0.16

186pe 90 h 87, EC, ¥ AnC v 0 5

188pe 17 h B . y.e” PC +8

102g5 206 d EC,87,85v 98 S y = 0.48 + 4T

103mpy 57 m IT,e” ¥5 5 30 5 X rays counted

105ph 36 h 8,y ¥ ¥S

83Rb 83d EC, v, e ~S S

84Rb 33d gt 87, EC, 4 +S ¥ 5 3 v=0.88

86Rb 18.74 8,y 47C 28 10 3

97Ru 69.6 h EC, v, e” X 8 30 5 y=0.22

103Ru 39.74 87,y 47C +S 10 5 v =0.51

106Ru1%5gh  1.01y;30s 8738 .y 4aC PC 5 3 103p4 by 48; 1%®Rh
v=0.62

151gm ~90y B e LS LS 63 Ni standard

153gm 468 k 8.y 4aC PC 10 5

443c 39h gt EC, y 48 +S y=1.16

46g¢ 84 d 8, 4nC IC, SC 3 2

*75e 3.4d 87,y 47C 7S

755e 1204 EC, vy, e S ~8,1C 30 5

31gj 2.62h g~ PC PC 895r standard

1054¢ 40 d EC, v, e +S 4S v=0.28-0.34

110m-110,, 953 d;24 5 87, v, IT; 4nC IC, SC 10 2

B,y

1114, 75d 8,y ) 1C, PC 10 5

22Na 260y 8 EC, v 47C IC, SC 2

2%Na 15.0h 8, 47C IC, SC 2

838r 65d EC, v Ic IC, SC 10 2 S57IRD, 0.9 us =T

87mgy 28h IT,e” ~S +S 113gy standard



44

Table 12 (continued)

. Decay Assay Instrument”  imie® of  Precision®
fotope Half Life Modes Calibration  Routine Esror (%) (%) Remarks

89gy 51d g~ 4n PC 5 998y content by Al
absorption data on
separated Sr

20gy 285y 8 4n PC 10 %0y daughter; ®%Sr
content by Al
absorption

35g 88d g~ 4 LS 10

1799, ~léy EC ¥S ¥S X rays counted

1821y 1154 B, v,e” 4 IC 10

27T 26x%10%y EC X X

991 21%10%y 8~ 4n LS 5

121mA21r, 154 4;17d IT,EC,v,e”; S S v =0.21(1 2177y,

EC, v ¥ =0.5712 Te)

123myg 1204 IT, v, e ¥ 4

125mpe 584 IT,e” S 25 30

129m1271,  1094;93h  IT,e, ;8  PC PC

129mA29e  344d;69m IT,p,v,e’s 98 8 7=069

8,1 e

1324, 78 h B, vy, e S ¥S Can calibrate with
1321 daughter

160y, 72.44d 8y, e” 47C 48

1617y, 6.9d 8y, e” 4nC +S X rays + v = 0.049

204y 3.8y g7, EC 4n FC 10 3 disintegration
rate measured

228y 191y ae” D, 7S W, S v=2.6(2"%1D)

2307y 8X 104y a,e” D w

232y 1.39X10'%y  a,e” S 7S Chemical Th standard

234y 24 d 8 ,v.e PC PC 234mp, daughter;
B counted

17010 129 d g, e,y 4nC PC 10

My 700 d By, e LS LS

113gn 115d EC, v IC IC, 4S 10 113y, daughter

119mgy, 250 d o, y,e” 4S +S Assay = v+ K x

121g, 27h g~ PC PC

44 47y EC,v,e” S 48 ~ = 0.07; calibration
by e daughter

181y 1354 EC, e~ S +S X rays counted

185y 754 g PC 10 181y by 48

187y 24 h e,y 4n IC, 5C 10

188y 694 8~ PC PC Calibration by
188pe daughter

232y 1.7y @e” D W 5

233y 1.62X 105y  a,e” D W 5

235y 713x10%y  a,y,e” +S 48

238y 451%x10°y  o,e” w w Chemical U standard

48y 16.14 8", EC, v 4nC +S v=1.31

Py 330d EC X X

129mye 84 IT,e” 28 +S y=0.20

13lmy, 124 IT,e” ¥8 ¥ 10
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Table 12 (continued)

Isotope Half-Life Decay Assay Instrument” L»imitb of  Precision® Remarks

Modes Calibration  Routine  Frior (% (%)

133y, 5.3d 8,y S v 10 3

169y 314d EC, vy, e” XaC 48 v=0.18-0.20

175yy 4.24d 8,1, e” +5 48

87y 80h EC, v v S 1135, standard

8y 1074 EC, v ¥S ~S 3 2

90y 64.0 h g~ 4n PC 5 3

Ily 594d 8, 4n PC 5 3

5570 244 4 g*, EC, 4 XAC IC, SC 5 2

69m-637, 14 h; S5 m IT, e ;8" 7S S 5 3

S 7x 654 87,y 45C 5C 5 5 95Nb daughter;

separation made
°77:°7"Nb  17h;1.0m 875y +S ¥ v=0.75

?IC = jonization chamber; SC = well-type scintillation counter; 47 = 4% counter; 4aC = 47 g-y coincidence counter;
X = x-ray spectrometer, proportional or semiconductor; X-yC = x-ray —gamma coincidence counter; ¥S = ganuna
spectrometer; CC = coincidence counter (external sample); PC = end-window proportional counter; LS = liquid
scintillation counter; D = defined-geometry counter; W = windowless proportional counter; G = gas counter.

bEstimated limit of error in disintegration-rate concentration of routine shipment, excluding decay-scheme erxors.

“Estimated precision of measurement (95% C.L.); indicates reproducibiiity.

potermined by mass spectrometry.

€Actnally determined by a polarographic method.

General coincidence counting is familiar, but 47 beta-gamma coincidence counting is more accurate when
refined in the following way: The 47 counter containing the active sample deposited on a thin conducting
film is placed next to the scintillation detector. The pulse-height selector of the scintillation spectrometer is
set to accept only pulses from a particular gamma ray, usually the photoelectron peak resulting from the
most energetic gamima ray present.

Beta emitters with little or no gammas are usually measured by 4r beta counting® calibrated
proportional counters,” or liquid scintillation counters.® Low-energy beta radiation is efficiently measured
by liquid scintillation counters with the active sample incorporated in a solution containing a scintillation
compound and counted in a vial placed between two photomultiplier tubes.

Calibrated high-pressure ionization chambers or Nal(Ti) gamma-ray spectrometers can be used to
determine absolute gamma disintegration rates. Branchings of all gammas must be known for ionization
chamber measurements. For Nal(TI) spectrometry, the area must be integrated under a single photopeak
from a known-abundance gamma ray, and the rate is then determined by calculation. The latter technique
is especially useful when an independent absolute standardization is impractical, for example, when the
nuclide of interest is in a mixture or is short-lived. Useful standards of annihilation radiation, generally
applicable to measurement of positron emitters, are 22 Na and 42 Ge-%8 Ga.

X rays, produced by electron capture or conversion clectron processes, are measured with an x-ray
proportjonal-counter spectrometer® fifled with argon or krypton. This instrument is calibrated with sources
whose disintegration rates can be determined by other methods.

Instruments used for routine assay are ionization chambers, well-type scintiliation counters, G-M
counters, proportional counters, liquid scintillation counters, and scintiltation spectrometers with sodium
iodide detectors for gamma and anthracene for beta activity. The Nal(TI) spectrometer and the Ge(Li)
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solid-state detector are also useful for checking gamma purity. These instruments are calibrated with
samples standardized by one of the absolute techniques described.
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AVAILABILITY OF STANDARDS

Currently available radioactivity standards are listed in Table 13. Understandably, the short-lived
nuclides are available only at intervals. In addition to the listed standards, the International Atomic Energy
Agency (IAEA) supplies low-level standards in aqueous and environmental-type matrices, for which inquiry
should be directed to Analytical Quality Control Services, International Atomic Energy Agency, Karntaer
Ring 11, A-1010, Vienna 1, Austria. The National Bureau of Standards (NBS) offers a custom calibration
service at actual cost for certain nuclides not listed.

Sources of the listed standards are limited to the National Bureau of Standards, the British Radio-
chemical Centre at Amersham and its U. S. distributor — Amersham/Searle Corp., the Commissariat
a PEnergie Atomique of France, and the International Atcmic Energy Agency. The Oak Ridge National
Laboratory provides neither radionuclide standards nor calibrated solutions. If a radioisotope is not
listed in this table, then no standard was available for that radioisotope from these suppliers at the time
the table was compiled.

Suppliers should furnish (or at least be able to furnish) information on the form of the material, the
method and accuracy of standardization, the properties assumed for the nuclide, and the radionuclidic
purity of the preparation. This information is essential to the conscientious user; the necessity for providing
this information may help the supplier to discover possible shortcomings in his own standards or
unwarranted assumptions used in his calibrations. Point sources on films or plates are sometimes
satisfactory, provided that the samples are always prepared in an equivalent way, but standards in solution
form are usually better.

Although standards are available for some of the nuclides used in radiochemical and isotope-
applications work, more are needed. The impetus to provide such standards will result only from the
recognition of their value by users.
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Table 13. Available Radioactivity Standards as of July 1969

Radioisotope Standard Radijoisotope Standard Radioisotope Standard
3 NBS-S, A/S, CEA 82p; RCC, CEA 14014 RCC
14¢ NBS-S, A/S, CEA 85kr NBS-S, CEA 139¢e NBS-S*, NBS-C,
22y, NBS-S, NBSC, 86Rp AJS,CEA . AlS
A/S, JAEA*, 85gr NBS-C, A/S, CEA Ce NBS-S, NBS-C,
va CEA ] 89, NBS<C, A/S, CEA 143 AfS, CEA
28Na . NBSC, A/S, CEA 90¢ 90y NBS.C. A/S, CEA M4Pr Lo A/S, CEA i
32Mg» Al RCC 88 NBSS*, NBSC, 147Ce— Pr NBS-S, A/S, CEA
P NBS-C, A/S, TAEA*, A/S, Nd RCC
IAEA*, CEA CEA Y7 NBES-S, NBSC,
355 NBSC, A/S, CEA 50y A/S,CEA A/S,CEA
e NBS<S, NBSC, o1y A/S. CEA 1697 RCC
(. 166
20 A/S, CEA 955 95Np A/S, CEA . 70Ho RCC
K CEA 94\ NBS-S* Tm A/S,CEA
22k NBSC, A/S, CEA 95 N NBS.S. NES-C 177y, RCC, CEA
43 T PR 182,
K RCC A/S, CEA Ta NBS-C, RCC
*5Ca NBSC, A/S, CEA 990029 1 A/S 185y RCC
47cat7sc RCC oMy RCC 187y RCC
*6sc NBSL, A/S, CEA 997¢ A/S 192y, RCC, CEA
MEE RCC 103py A/S, CEA %5 Au Als
8y RCC 1060, 1962 A/S,CEA 198 Ay NBS<C, A/S, CEA
Py RCC 105Ag RCC 199, RCC
S1cr A/S, CEA 110my A/S, CEA 1974, NBS-C, NS,
52Mn RCC 10949 A/S, NBS-§* AlS
5*Mn NBS-8*, NBS-C, 136, 113m, NBS.S JAEA* 20%Hg NBS-S, NBSC,
*
IAEA*, A/S, 114m-114 A/S IA;JEA ,A/S,
CEA 122, RCC CEA
52Fe RCC 124, g 2941 NBS-C, A/S, CEA
55.. . Sb RCC, CEA 210, 2104
Fe NBS-S, A/S, CEA 125g;, RCC Po-21%Bi A/S
59Fe NBS-C, A/S, CEA 125 cE 210p, NBS-S*, NBS-C,
. . I NBS-S, A/S, CEA A/S, CEA
Co NBS-C, A/S, 131 NBS-C CE
IAEA*, CEA . BS-C, A/S, CEA 226R, NBS-S, NBS-C,
S8Co A/S, CEA Lap RCC " RCC
G,OCO NBS-$*, NBSC, 3 Cs A/S,CEA 8Th RCC, NBSC,
A/S, IAEA*, 2cs RCC 133 NBS-S*
CEA 134, A/S, CEA U CEA
3N A/S,NBS-S, CEA 1370,13Tmg, NRSS*, NBSC, 235y NBSS
54Cu RCC A/S,IAEA*, 23"'Np RCC
55Zn NBS-8*, NBS-C, CEA 239y, A/S,NuSS,
AlS, CEA 1315, 131 RCC NBS-C, CEA
T6as RCC, CEA 133p, A/S, CEA 2 Am NBS-S*, NBSC,
77AS RCC, CEA 140]321—140[&1 A/S, CEA IAﬁEA*? AlS,
75ge A/S, CEA CEA

AlS Available from Amersham/Searle Coxp., 2000 Nuclear Drive, Des Plaines, Iilinois 60018.

IAEA Available from International Atomic Energy Agency, Kamtner Ring 11, A-1010, Vienna 1, Austria.
NBS-C Calibration service is available from U.S. Department of Commerce, National Bureau of Standards,

Washington, D.C. 20234.
NBS-S Available from U.S. Department of Commerce, National Bureau of Standards, Washington, D.C. 20234.
RCC  Available fiom the Radiochemical Centre, Amersham, Buckinghamshire, England.

CEA  Available from Commissariat a 'Energie Atomique, Gif-sur-Yvette, France.
* Available only as a solid source.
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PEACEFUL USES OF RADIOISOTOPES

Alpha, beta, and gamma radiations are responsible in one way or another for the peaceful uses of
radioisotopes. Figure 15 illustrates the basic principles of these various uses. Typical applications are:

ORNL-DWG 67-4262

BASIC PRINCIPLES OF RADIOISOTOPE UTILIZATION

~—

e - N
ity T
P T
e \ \~\
RADIATION MATERIALS RADIATION RADIATION
AFFECTS MATERIALS AFFECT RADIATION TRACES MATERIALS PRODUCES HEAT AND POWER

PASTEURIZATION AND STERILIZATION CLINICAL RADIOGRAPHY METABOLIC AND LOCALIZATION STUDIES HEAT EMISSION
STATIC ELIMINATION THICKNESS AND DENSITY GAGING FLOW MEASUREMENT NUCLEAR BATTERIES
MEDICAL THERAPY INDUSTRIAL RADIOGRAPHY FRICTION AND WEAR MEASUREMENT THERMOELECTRIC DEVICES
RADIATION GENETICS LEVEL GAGING STUDY OF REACTION MECHANISMS THERMGIQNIC SYSTEMS

CHEMICAL PROCESSING MATERIALS DETERMINATION LEAK DETECTION THERMODYNAMIC SYSTEMS

Fig. 15. Basic Principles of Radioisotope Use.
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. Process Radiation. Cobalt-60 and '37Cs are used in large quantities to sterilize goat hair, medical
supplies, and foods; to inhibit ripening and spoilage of fruits and vegetables; to inhibit sprouting of
potatoes and onions; and to disinfest grains (Fig. 16). Gamma rays can be used to initiate chemical
reactions such as polymerization or to catalyze reactions such as that between HBr and ethylene to
produce ethyl bromide. The rays are also used to induce plant mutations.

. Tracing. Numerous isotopes are used to follow process streams, to study reaction kinetics and
mechanisms, to investigate metabolic processes, to locate leaks, to measure flow rates, to study [riction
and wear and laundering efficiency, and to help assay pharmaceuticals.

. Gaging. The absorption or reflection of radiation by materials allows the use of isotopes in detecting
liquid or solid levels, measuring thicknesses or densities (including, for example, soil density), and
radiographing. Since no contact with the material being studied is necessary, the method not only is
nondestructive (Fig. 17), but also can be made continuous and a part of an automated system.

. Static Elimination and Luminescent Devices. The radiations from isotopes ionize air in passing through
it, and the ions then neutralize static charges, thereby eliminating the static.. Beta radiations, in
particular, can be used in conjunction with phosphors to make long-lasting tuminescent devices such as
exit signs (Fig. 18) and locks.

. Thermal Applications. The heat from radioisotope decay can be used directly or indirectly (as electricity
after conversion by thermoelectric devices) :to heat swimsuits, to activate heart pacemakers, to power
heart-assist devices, and to provide the energy needed for operating unmanned navigation aids (Fig. 19),
weather stations, and satellites.

ORNL DWG. 67-4267

Fig, 16. Schematic of a Planned Grain Uradiator.
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PHOTO 93214

Fig. 17. Eggshell Testing Gage Used by USDA to Evaluate Strength of Shell.

PHOTO 93695

Fig. 18. Beta-Excited Luminescent Exit Sign.
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PHOTO 92851 |

Fig. 19. Navigational Light on the Coast of Zeeland, Denmark, Powered by a Radioisotope Heat Source.

LIST OF AVAILABLE RADIOISOTOPES, WITH PRINCIPAL CHARACTERISTICS

In the following pages, principal characteristics of selected radioisotopes are summarized. Half-lives are
given in seconds, minutes, hours, days, and years. Decay modes include alpha (o), negatron (8 ), positron
(B"), orbital-electron capture (EC), gamma (y), and conversion electron (e”). The symbol 'yir refers to
0.511-MeV annihilation from positron emitters, and IT indicates the occurrence of isomeric transition.
(Particle types are not identified under “Decay Energies and Abundances,” since they are specified under
“Decay Modes.”) Percentages show the branching between different modes of decay, for example, between
EC and 8*. When given with energies, percentages (in parentheses) apply to discrete radiations in the case of
alpha and unconverted gamma and to groups of positrons or negatrons having indicated maximum energies.
A distinction should be made between a gamma transition characterized by a certain energy and the
unconverted gamma actually emitted. A certain conversion coefficient, a (= e/Ny), applies to each gamma
transition. The percentage of gamma emitted, u, may be defined as u = B/(1 + &), where B = percentage of
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transition. Note that « can vary from essentially zero to a large value, with corresponding variation of u
from B (sometimes 100%) to ~0.

A pragmatic approach was taken in deciding what radiations to list. In general those appearing in less
than 5% of the decays of a given nuclide were not listed, although their presence is indicated by the term

“Others.” Exceptions were made in many cases. Gammas giving rise to major peaks in a Nal(T1) spectrum
were included, and combined percentages were usually given for those not resolved by a Nal(T1)
spectrometer, even though they would be resolved by a Ge(Li) spectrometer. X rays are mentioned where

important, but no attempt was made to calculate percentages.

5 and current literature. A useful table of

Decay scheme data were taken from recent compilations’ ~
theoretical conversion coefficients has been issued.® In the numerous cases of disagreement, choices —
sometimes arbitrary — were made, generally weighted in favor of recent data.* For half-lives, in addition to

the above compilations, much data came from recent reports and articles.” ~1°
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Decay Energies {MeV)

Isotope Half-Life Production Method(s) Decay Mode(s) and Abundances (%)“
_—

Actinium-227 218 v Natural decay of 235y chain 8 0.045
Aluminum-26 74 X105y OMp(p, )6 a1 8" (85%), EC (15%), v  1.47 (85)
Americium-241 433y 2tpy ﬁ%—;z‘“Am &y, e” 5.49 (85)
(14.2y 5.44 (13)
Antirmony-122 274 L2Y5h0m, 1)1 225y 87(97%), EC (3%), v 0.74 (4)
1.40 (63)
1.97 (30
Antimony-124 66,24 1239b(m,4) 1245, 8,y 0.24 (11)
0.61 (51)
(.95 (5)
L60(7)
231029
Others
Antimony-125 27y 124 n0n, ) 2580 zrfd?”sst) &y 0.12(37)
: 0.30 (40)
0.44 (6)
0.62 (13)
Others
Asgon-37 354 *OCatn,a3 " Ar EC
Argon-39 ~265y 39K(n,p)39Ar 8 0.56
Arsenic-73 80 d nGe(’p,n)”As EC vy, e”
Arscnic-74 17.8 4 " Gatam ™ Ay EC (39%), 8% 0.91 (26)
MGG(p,n}MAS 8% (29%), 1.5¢3)
T3Se(n,p) 4 As 87 (32%), v 87:0.72¢14)
1.36 (18)
Arsenic-76 26.4 h 75 As(ny) O As 8y 1.20(7)
1.76 (4)
241 (31
2.96 (56)

@Abundances are given in parentheses.

Particles

Photons

¥ (170)
1.81 (100)
Mg x rays

0.060 (36)
Np L x rays

(.56 (66}
0.69 (3)

0.60 (98)
0.64 (7)
0.72(14)
130 (6)
1.69 (43)
2.09(6)

0.175 (6)
(.43-0.46 (40)
0.60—0.64 (35)

Cl x rays

0.054 (~11)
Ge x rays
¥ (58)
0.60 (61)
0.64 (14)
Ge x rays
0.56 (45)

0.65 (6)
1.22 (6)




Decay Energies (MeV)
Isotope Half-Life Production Method{s) Decay Mode(s) and Abundances (%)*

Particles Photons

-

Arsenic-77 38.7h 16Ge(n,v)” Ge Y 6y 0.16 (3) 0.24 (2.5)
(11.3 1) 0.44 (3) 0.52 (0.8)
0.68 (94) Others
Others

. EC _
Barium-131— 131py 12 d; 130 g2 )31 pa ——> 27 Cs EC, v, e EC 1315, 0.13 (28)

Cesium-131 131¢5,9.7d (12 @) 0.22 (28)
0.38 (16)
0.50 (60)
0.60(3)
Cs X rays
Others
13106 Xe x rays

Barium-133 10.7y 132p,0n ) 3% Ba, using target EC,y, e 0.081 (36)
enriched in 13%Ba 0.28(7)
.30 (19)
2.36 (63)
0.38(9)
Cs x rays

8
Barium-140— 140p,y, 12.8 d; Fission product 1403, 2,140,

) 8 v 1405,5: 0.48 (25) 0.030
Lanthanum-140 14015,40.2 1 -

0.6 (10 0.162 (6)
0.9 (5) 0.30 (4)
1.01 (603 0.43 (5
0.54 (~30)
140y o0 1.10(26) 0.33 (200
1.38 (45) 0.49 (40)
1.71 (1) 0.82 (23)
2.20(7) 0.92(10)
Others 1.60 (95)

Berylliam-7 53d Li(p.n) Be BC, v 0.48 (10)
Lixrays

Beryllium-10 27%x10%y % Ba(n,y) " Be ¢ 0.55

aAbundances are given in parenthesss.

1)



Isotope

Half-Life

Production Method(s)

Decay Mode(s)

Decay Energies (MeV)
and Abundances (%)?

Particles

Photons

Bismuth-206

Bismuth-207

Bismuth-210
{Note: containg 210py
daughtet]

Bromine-77

Bromine-82

Cadmium-109—
Silver-109m

6.24 d

30y

56h

354h

10904 126 y;
109mAg) 40 s

9 A bundances ate given in parentheses.

207py(p, 21)> 26 Bi
2 °6Pb(p,n)2 86 Bi

20 7Pb(p, n)207Bi

2°9Bi(n,7)“°Bi

75 px(et,2n)” T Br

81 Br(ﬂ,qf)82 Br

l°7Ag(n.~r)1°8Ag

8 /(2.4 m)
IOECd(n,fy)mng

1080400 1y 09C,
1°9Ag(p,n)1°9Cd

EC, v

EC,v,¢

EC,y, e ;IT

©.44 {98)
Others

0.18(21)

0.34 (25)
0.50—0.54 (94)
0.80 {100}
0.88-0.90 (87)
1.72 (34)

Pb x rays

QOthers

0.57 (98)
1.06 (77)
1.77(8)

Pb x rays

0.24 (30)
(.30 (6)
0.52 (23)
0.58(7)
Se x rays
Others

0.55{72)
0.62 (44)
070 (27)
0.78 (83)
0.83 (24)
1.04 (2%
132021
147(17)

0.088 (4}
Ag X rays



Decay Energies (MeV)
and Abundances {%)2

{sotope Half-Life Production Method(s) Decay Mode(s}
Particies Photons
Cadmium-113m 14y iiZCd(n,'yf!ll‘szd g 0.58 0.27 (~0.1)
Cd(nn) 1°"cg
Cadrrdum-115m 434 H4cam»15meq 8,y 1.6 (97) 0.49 (0.3)
Qthers 0.94 (1.9
- 1.29(0.9)
Cadmism-115— 504, 55 1y 115y, 45y 40any)5cg %h»“”"m 87 15Ca: 06 (~37)  0.49(~10)
Indium-115m (55 ) 8,y 1T, e” 111 (~62)  0.52(~26)
1My, 6.84 (5) 0.34 (49)
In x rays
Calcium-45 164 ¢ Camm*SCa _ 8 0.26
Calcium47- #7Ca,4.53 ;%"sc, 3.4 a *%Ca(n,y)*"Ca @ 563 > *7Sc, using 85, wE Y #7Ca: 0.69 (82) 0.49(7)
dium-47 ‘
Scandium target enriched in “6Ca 1.99 (18) ?2(1) %
47¢ .
Sc: 0.44 (70) 0.16 (70}
0.50 (30)
Carbon-14 573 x10%y YN(mpyic e 0.156
Cerium-139 138 d 139 a(p,m30ce EC,v, e 0.17 (80)
Lax rays
Cerium-141 32.5d Figsion product 87,y 0.44 {70y 0.145 (49}
1”La(n,y)”"La(n,«,)”fLa 0.58 {30)
Y. J(3.91)
141Ce
Cerium-143 33h 192 0etmm143Ce 87, v, e 1.09 (50) 0.057 (113
[Note: contains 14 Pr 1.39 (30) 0.29 (46)
daughter] Others 0.66 (7)
0.72 (D
Pr x rays
_ Others
Cerium-144— 14400, 284 4 Fission product 14%Ce (2—54—(3; 144p, B, v e 38,y 1480e: 0.19 (20) 0.080 (2)
Praseodymium-144 144?1', i7m 0.24 (8) 0.134 (1)
0.32(72)
14%p1. 2,97 (98) 0.69¢1.5)
Othess 1.5 (0.3)
2.2 (0.7)

2Abundances are given in parentheses.
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Isotope

Half-Life

Production Method(s})

Decay Mode(s)

Decay Energies (MeV)
and Abundances (%)%

Particles

Photons

Cesium-131
Cesinm-132

Cesium-134

Cesium-137—
Barium-137m

Chlorine-36
Chiorine-38

Chromium-51

Cobalt-56

Cobalt-57

Cobalt-58

9.7d
6.5d

2.07y

13704, 30 v; 1378, 2.6 m

10x%x10%y
373 m

27.84d

773 d

270 d

714

1304, 131 EC 131 N
Ba{n,y) " "Ba ——9(12 D C

133040p, pmy 1 22Cs

133CS(n,7)134CS

8 137my,

o 137
Fission product Cs
P (30y)

35c1m, 1381
37CKHn 201

Styip,mysice
S0Cr(ny)* 1,
using target enriched in 50¢;

56Fe{p,n)5 5Ca

5ONitp, )3 'Co

ENinp)*¥Co
$SMn(a,n)>8Co

EC
EC (98%), 8~ (2%), v

8,y

goIT

8~ (98%), EC (2%)

8,

EC, v

BC (779%), 8* (23%), v

EC, v, ¢~

g (15%), EC (85%), v

~0.7(~2)

0.09 (27
0.66 (71)
Others

13705 0.51 (95)
1.17¢5)

0.71(98)

1.10(31)
2.75 (11)
491 (58)

1.46 (22)
Others

0.47 (15}

Xe x rays

0.67 (98)
Xe x rays

0.57 (26)
0.60 (98)
0.80 (95)
Others.

137mg0. 0.662 (90)2
Ba x rays

S x rays

1.64 (31
2.17(42)

0.32(10)
V X rays

¥ (46)
0.85 (100)
1.04 (13)
1.24 (69)
1.77(16)
2.04 (T
2.60 (17
3.25(8)
Fe x rays
Others
0.014 (%)
0.122 (86)
0.136(11)
Fe x rays

¥ (30)
0.81 (99)
Fe X rays

LS

Abundances are given in parentheses.

b35% of totat 1 *7Cs beta.



Decay Energies (MeV)
and Abundances (%)?

Isotope Half-Life Production Method(s) Decay Modza(s)
Particles Photons
59 50 - P 5
Cobalt-60 526y Coln,vy) Co 8., 0.32 1.17 (100)
5ONi(n,p)¢°Co 1.33 (100)
Copper-64 12.7h 83cu(ny)°4Cu 87 (39%), 8" (19%), 0.57(39) YE38)
EC (429%), v 0.66 (19 1.34 (0.6)
Ni x 1ays
Copper-67 61.7h 87Z2n(n,p)®"Cu 67, v 0.40 ¢45) 0.09 (~24)
0.48 (35) 0.18 (~43)
0.58 (20)
Curium-242 163 d 2% Ay Am —f—i—hf)ﬂ“n::m o,y e- 6.11(74) 0.044 (0.04)
( 6.07 (26) Pu L x rays
- Others
Curium-244 18.1y 243 Amn, ¥ Am (!—i;““Cm o,y e 581 (17 0.043 (0.02)
4 5.77 (23) Pul X rays
Others
. . 158 159 X -
Dysprosium-159 ~144 d Dy(n,v) > "Dy £C, v, € 0.058 (~3)
Tb x rays
Dysprosium-165 235h 164 Byy(n, ) €Dy 87, 1.20 (~14) 0.095 (3.8)
1.29 (~83) Ho x rays
Others
Erbiurn-169 9.3d YO8 e ny) O %8r 8 v, e 0.33 (42) 0.008 (~0.3)
0.34 (58) Tm M x rays
Erbium-171 751 Y08 T Er 8, e 1.05 (93) 0.11-0.12(33)
Others 0.30-0.31 (92)
Tm x rays
Others
Europium-150 128h 1308 m(p,m* 5Ok 87(~90%), EC (~9%), 1.0 (~90) 0.33 (4)
ye 0.41(3)
Sm X rays
QOthers
Europium-152m; 9.3 h 5 1pyn 52 E 37 (71%), EC (23%), v, ¢~ 1.87 (74} 0.12¢7)
Others 0.84 (12)
0.96 (12)
S x rays

YAbundances are given in parentheses.

8S



Isotope Half-Life

Europium-152—
Europium-154

Europium-155 1.81 yb
Fluorine-18 110m
Gadolinium-148 88y
Gadolinium-153 240 d
Gadolinium-159 i8h
Gallium-66 9.5h

—_—
%Abundances are given in parcantheses,
bCurrent measurements indicate 13.9 v for 52

MK\>\

PR 12.7y e 16y BTyt S2g,

Decay Energies (MeV)

Production Method(s) and Abundances {%)2

Decay Mode(s)
Particles

87 (27%), EC (73%), BSR4 0,70 (12)

Y Eu0ny} *Eu v T8, y, " 1.48 (6)
Others
'5%¢y: 0.26 (28)
0.58 (38)
0.87 (24)
1.86 (10)
154 S min7) 558 m (,li“}—QSSEu 8,v e 0.14 (~43)
“om 0.16 (~32)
0.19 (~10)
0.25 (~15)
Ve, pmyt8F 8% (979, EC (3%) 0.63 (97)
M T9mie,3m *8gg & 3.18
Ul pup,4mi*8Ga
2G4 )153Ga EC, 7y, e~
151Eu(n,y)152m1Eu
,9;/(9.3 1)
152Gd(n,7)153Gd
158G d(n 7)1 5%Ga 6,y e 0.59(13)
0.89 (24)
0.95 (63)
83Cuia,n)®®Ga BT (57%), EC (43%), v 0.93 (~4)
4.15 (~51)

Eu, 7.9y for % By, and 4.9 y for 1555

u, but these values have not been firmly established,

Photons
0.12 (30
0.34(23)

0.78 (13)
0.97(14)
1.09-1.11 {29)
141 (25
Others

Gd x rays

Sm x rays

0.12(32)

0.72 (20)

0.87 (1%)
1.00-1.01 (30)
1.28 (38)

Gd x rays
Others

0.087 (32)

0.105 (20)
Gd x rays

¥E(194)

0.10(52)
Eu x rays

0.058 (~4)
0.36 (~12)
Tb x rays
7114
1.04 37y
2,75 (25)
Zn x rays
Cthers

6S



Decay Energies (MeV)
and Abundancas (%)%

Isotope Half-Life Production Method(s) Decay Mode(s) B
Particles Priotons
Gallium-67 78 1 67 Zn(p,n)®"Ga EC,7 e 0.093 (40)
0.18 (24)
0.30 (22)
0.39 (7
Zn X rays
Gallium-72 14.th " Gatn,y)*Ga 87,y 0.7 (40) 0.63 (26)
1.0y 0.84 (93)
1.5(D 0.90 (10)
2.54 (7) 2.20 (29)
3.16 (D) 2.5 (21)
Qthers Others
Germanium-68— 58Ge, 280 d; *5Ga, 68m 59 Ga(p,21)%% Ge —Z%CO——Z 68Ga EC; EC (13%), 58Ga: 1.89{85) 68Ga: 4F (174)
Galliurn-68 (2809) 8% (87%), v 1.08 (4)
Zn x rays
58Ge: Ga x 1ays
Germanium-71 1144d "0Ge(n,v) 1 Ge EC Ga x rays
Germanium-77 11.3h T5Gen, ) Ge 8,y 0.79 (8) 0.21-90.22 (60)
[Note: contains " "As 1.23(13) 0.26 (45)
daughter] 1.60(22) 0.37(15)
2.16 (24) 0.42 {25)
2.32¢15) 0.56 (18)
Others 0.63 (11)
Others
Gold-195 183 d 195pupm %5 Au EC,v, e 0.099 (~9)
Pt x rays
Gold-198 2.70d 197 auim v 22 Au 87,y 0.29 (1) 0.41 (96)
_ 0.97 (99) 0.68 (1)
Gold-199 3.154d 198pe(n,4)12% Pt 3,5; 199 g v e 0.25(23) 0.16 (37
(34 m) 0.30 {70) 0.21(8)
0.46 (7) Hz x rays
Hafnium-175 704 V%4100, 71 s EC, v, e 0.34 (85)
Lu x rays
QOthers

2Abundances are given in parentheses.
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Isotope Half-Life Production Method(s)
.P_Iéfnium-l;}vl 4254 o T y;””Hf
Holmium-166 27.04 185 Hotn ) 15810
Holmium-166m 1.2 x 103 y l('/’SHo(tz,'y)l“mHo
Hydrogen-3 123y *Litn,c)®H
Indium-111 67.4 b eapmt iy,
Indium-114m-~Indium-114 119y, 50 4. Yy, 12 () L1y (Tg% Hapy

Indium-11 6y

fodine-123

Todine-124

———

“Abundances are given in parentheses,

Hsln(ﬂ,y)“smlln

123T¢(p,ﬂ)1231

12 151}(&',/‘2)1241

Decay M ode(s)

I (97%), BC (3%), ¢~

£7(99%), EC (1%)

87,y

EC, v, e”

EC (75%), 67 (25%), v

—

Decay Energies {(MeVy
and Abundances (%)?

Particles

0.41(93)
Others

1.76 (~47)
1.84 (~32)

~0.01 (~15)
~0.06 {~85)

0.018

4n: 1,98 (99)

G.60(~20)
0.87 (~30}
1.00 (~50)

LS (1)
2.1 (11

Photong

0.13 (~48)
0.35 (~13)
0.48 (~81)

0.080 (6)
Er x rays
Others

0.081(12)
0.18 (9O

0.28 (30)
04112
0.53(12)
0.71(58)
0.81-0.83 (71)
Er x rays
Others

0.17 (88)
0.25 (94
Cd x rays

YA 019 (~1 )
in x rays
Others

0.42 (~36)
1.09 (54)
1.29 (8%)
2120
Others

0.16(83)
Te x rays
¥ (50)

8.60 (66)
1.6%(14)
Te x rays
Others

19



/_—’,’_/I/—’,j_,_— P I —
Decay Energies (MeV)

-

Isotope Half-Life Production Method(s) Decay Mode(s) and Abundagces (%)a
Particles Photons
#ﬂﬂ——r, _ -
Todine-125 60 d 1260y 25 Xe o> 251 EC, v, e 0.035(D
(18 h)
Te x rays
fodine-126 134 12670(p,n)" 281 EC (55%), 87 (44%),y 03945 0.39 (34)
0.87 (30) 0.66 (33)
1.25(9) Te x 1ays
Todine-129 16x 107y Fission product 6, v.€ 0.15 0.040 (7
Xe x rays
lodine-130 12.3h 1291, 31301 8,y 0.60 (4T 0.41 (35
1307¢(p,m)* 301 1.02(53) 0.53 {100)
0.66 (100)
0.74 (88)
1.15(13)
Todine-131 8.06d Fission product _ gy, e 0.33(D 0.28 (6)
130 131, B 131 0.61 (99 0.36 (32
Te(n )" 1€ G5 m) ! Others 0.64 (73
_ Others
{odine-132 23h Tission product 1321 —7%‘) 132y 8,y 0.72 (14) 0.52(16)
(78 1) 1.16 (19) 0.65-0.67 (112)
1.45 (11 0.77 (76)
1.60 (13 0.95 (18)
212020 Others
Others
fodine-133 20.9h Fission product 8,y 1.23 (86) 0.53 (50)
[Note: coniains 133my, Qthers 0.86—0.87(T)
and 133Xe daughters]
Iridiurn-192 74 d 193100 102 87 (96%), EC (4%, v 0.24 (8) 0.30-0.32 (~140)
0.54 (42) 0.47 (49)
0.67 (46) 0.59-0.61 {20
Oihers
{ridinm-194 19.4 19310 ) 2% 0 87,y 2.24 (88) 0.29 (2
Others 0331
Others
tron-52 [Note: contains 8.3 h 59Cr(a,2m)° Fe g* (56%), EC (44%), vy~ 0.80(56) yE(112)
52mpMp and 52Mn 0.17 {100)
daughters] Mn X rays

et

aApundances ate given in parentheses.
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H.\M_N‘\—“i—_x

Decay Energies (MeV)
and Abundances (%)9

tsotope Hatf-Life Production Method(s) Decay Mode(s)
. .
Particles Photons
Tron-55 27y s SMn(p,n)s SFe EC Mn x rays
54 Fe(n, v)55Fe, using target enriched
in $4Fe
SENi(n, )5 T Fe
Iron-59 44,6 d *®Fe(n,7) 59 Fe, using target enriched g,y 0.27 (46) 0.19 (3)
in 38pe 0.47 (54; 1.16(57)
$9Co(n,pyS IFe 1.29 (43)
Krypton-79 35h K, )" K 87 (8%), EC(92%),y  0.60 (7) v (15)
Others 0.26 (11)
0.40 (9)
0.61(9)
Br x rays
Others
Keypton-85m 44h B e,y S Mg 87(78%), IT (22%), 0.82(78) 0.15 (74)
' v, e 0.31 (13)
Krypton-35 0.7y Fission product Ly 0.67 C>99) 0.51 (0.42)
Lanthanum-140 40.2h 12 La(n,7)1%0La By 1.10 (26) 0.33 (20
1.38 (45) 0.49 (40)
171 (10 0.82(23)
2.20(7 0.92{10)
Others 1.66.¢95)
Others
Lead-210 [Note: contains 21,3y Natural decay of 238U chain .y e 0.015(19) 0.047 (4)
2108; daughter] 0.061 (81) Bi L x rays
Lutetium-173 14y B3y oot PPy EC, v, e~ 0.079 (14)
0.27 (18)
Yb x rays
Others
Lufetium-177 6.7 d Y8 w7 Ly 8y, e 0.17 (~7) 0.11 (~3)
0.38 (~6) 0.21 (~¢)
_ 0.50 (~87} H x rays
Magnesium-28- Mg, 201 h; 28A1 225 m 2oMe(T ) BMg —ﬁv‘”m 8,18y 28Meg: 0.46 (100 0.031 {96)
Altsmingm-28 @11 0.39 (30)
0.95 (30)
1.35 (70)
—_— 28 AL: 2.86 (100) 178 (100)

2Abundances arc given in parentheses,
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Decay Energies (MeV)

Isotope Half-Life Production Method(s) Decay Mode(s) and Abundances (%)*
Particlas Photons
52 52 o1 + a0 +
Manganese-52 5.7d Ci(p,n)” “Mn EC (73%), 8 (27%), v 0.58(27 = (54)
0.74 {82)
0.94 (92)
1.43 (100)
Cr x 1ays
Others
Manganese-54 3134 54Ctp,n) 3 Mn £C, v 0.835 (100)
54Fe(n,p)54Mn Cr x rays
Manganese-56 2581 55 Mn(n,7)° S Mn g7,y .73 (16) 0.85 (99)
1.04 (~30) 1.81(29)
2.84 (~53) 2.11 (15)
Mercury-197m-— 197mye 24 1;1%7Hg, 64 h 196 150n, ) 9 Mg —2%}7‘97}1«; IT (~95%), EC {(~5%), 197myg. 0.134 (~42)
Mercury-197 (2410 v, 3EC, 7y, e Hg x rays
QOthers
1974e: 0.077 (~23)
Au X rays
Mercury-203 46.54 202450, 2% Hg [N 0.21 0.279 (82)
_ T1 x rays
Molybdenum-99— 99Mo, 66.31; °°"Te, 6.020  *PMo(n,1)"*Mo 6Tﬁﬁ‘*”’"’fc BT AT, y 99)o: 0.45 (18) 99Mo: 0,18 (7)
Technetium-99m . - (6s.3h) 1.23 (80) 0.74 (13)
Fission product Gthers 0.78 (4
Qthers
991 (.14 (90)
Neodymium-147 [Note: 11.14 Fission product 87,7, e 0.37 (~20) 0.091 (27)
contains **7Pm 0.81 (~71 0.53(13)
daughter} Others Pm x rays
Others
Neodymium-149 1.81 14ENd0, v 47N gv e 1.02 (~18) 0.11 (18)
[Note: contains *%”Pm 1.13 (~20) 0.21(27)
daughter] 1.40 (~19) 0.27 (18)
1.46 (~25) Pm x rays
1.56 (~9) Others
QOthers

%abundances are given in parentheses.
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Decay Energies (MeV)
and Abundances (64

Isotope Half-Life Production Method(s) Decay Mode(s)
Particles Photons
Neptunium-237 214 x 10%y 23502 38U 22 U o,y e 4,76 (33) 0.030 {14
{Note: contains 233p, 8 [(6.75 4y 479 50) 0.086 (14)
daughter] N 3“ ) Others Pa L x rays
7
Np Others
238 237, _ B 237 .
Uln,2n) U m Np
Nicket-59 gx10%y 58N,y 2 INi EC Ca x rays
59Co(d, 2n)° O Ni
59Co(p,m>ONi
NicKel-63 92y 52Nitn, )% 3 Ni, using target cnriched g 0.067
in 62Ni
Nickel-65 2.56 h 54 Nifr, ) 5O Ni 8. 0.62 (29) 0.37(5)
Loan 1.11 (16)
» ~ 2.1 (58) 1.48 (25)
Nickel-66—Copper-66 6Ni, 55 h; %%Cu, S m 54Ni(r,1)® *Nin, ) * i ——’-ﬁi ~ 8cu 8T8, 86Ni: 0.20
; 56Cu: 1.56 (9) 56Cu: 1.04 (9)
2.63 (91)
Niobium-94 20 x10%y I3Nb(r,v  ND &y 0.5 0.70 (100)
_ 0.87 (100)
Niobium-95 35 4 Fission product > >Zs (6‘; 5 >?5Nb 8,y 0.16 {100} 0.77 (100)
Osmium-185 94 d 184 Gsimy) 18505 EC, v, e~ 0.65 (80)
0.87-0.88 (14)
Re x rays
Others
Osmium-191m i3h 199055, P 0 IT, ¢~ Os L x rays
| Note: contains Os
daughter]
Osrmium-191 15d 190040, 2105 (%;!—)»’9’05 R 0.14 0.13 (~22)
Ir x rays
Osmium-193 32h 20501, 2205 v e 1.13 (~70) 0.46 (4)
Others Ir x rays
Qthers

2 bundances are given in parentheses.
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Isotope Half-Life Production Method(s)
Palladium-103 174 102p405,4)2%%Pa
[Note: contains 103 R n(p,n)10%pd
103mRh daughter] _
Palladium-109— 1094 13.6 ;199 Ag 405 O%pd(n,1)1 %P4 af—ﬁ;}»m"mzxg

Silver-109m

Phosphorus-32 14.3 d
Phosphorus-33 25d
Platinum-193m 4,34
Platinum-197 20 h
Piutonium-237 45.6d
Plutonium-238 876y

Platonium-239 2.44 X 10% y
Polosiurm-208 29y
Polonium-210 138.4 d
Potassium-40 128 x10% y
Potassium-42 124 h

“Abundances are given in parentheses.

328(,p)°2P

35Ci(n,0)3?p

31?()’!,7)321)

35C1n, 03 %p

335(n,1)33P, using target enriched
in stable 23S

1924 1) 1937p¢

196p¢(4)19 7Pt

2350t 2m*? TPy

8 .2
241Am(n,7)242Am P _eea.

(16 )
a/(;63 d)

| 23y
238y B a3s
Np(n,7)"""Np “—>(2L1 o v

236U(n,7)239U 8 , 239Np

{23.5m)
s"/(z.as d)

239PU

237

299 8i(p, 2m2 %o
£ 210
P Biny)? B T PO
(5 dy
Naturally occurring; abundance 0.012%
39K ny 0K

411((?1,7)42K

Decay Mode(s)

Decay Energies (MeV)
and Abundances (%)?

Particles Photons
EC, e~ Rh x rays
g7, e 189p4. 1.02 109m A5 (.088 (4)
Ag X 1ays
g 1.71
g 0.25
1T, e Pt x 1ays
8, v, e 0.48 (~10) 0.077 (~23)
0.67 (~90) Au x rays
Others
EC, v, e 0.060 {5)
Np x 1ays
ae” 5.46 (28) 0.099 (8 X 107%)
5.50(72) UL x rays
a,e” 5.16 (88) 0.38¢7 X 167%)
5.11(11) U x rays
o 5.11
o 5.30
8~ (89%), EC (11%), v 1.31(89) 1.46 (11)
Ar X rays
B8,y 2.00 (18) 1.52(18)
3.52(82)
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Decay Energies (MeV)
and Abundances ()"

[sotope Half-Life Production Method(s) Decay Mades(s) Particles
Potassium-43 22h 4‘()Ar(cx,p)“}( B, 0.83 (™~93)
43Ca(n,p)* 3K Others
i 141 142 -
Praseodymium-142 19.2h Pr(ny)” “Pr 3,7 0.58 (4)
2,15 (96)
Praseody mium-143 13.6d Fission product 8 0,93
N 144 (145 _EC _.14s FC.v. ¢
Promethium-145 18y Sminy)  Sm Gao & Pm C.v, ¢
. 146 146 - \
Promethium-146 5.5y Nd(p,n} " Pm EC (~67%), 8 (™33%), 0.78 (~33)
it
Promethium-147 262y Fission product 8 0.22
8 -
Promethium-149 53k 148 din ) *ONa m“”?m 8,y 0.78 (3)
’ 1.07 (97)
Promethium-151 28 h 150Nd(n, ) * NG '1(; 1Sipy 8 e 0.85 (40)
(12 m) 1.19 (10)
Gthers
Protactinium-231 3.4 X 10* y Natural decay of 235y chain ® 7y, e 4,94 (22)
5.00 (24)
5.02¢23)
Others
Protactinium-233 2704 23210, 230Th —2——>233p4 e 0.15
(22 m} 0.26
0.58
Others
Protactinium-234 6.7h Natural decay of 238 chain 8,7, e Complex

¢ ahundances are given in parentheses.

Photons

0.37 (86)

0.40 (11
0.59(13)
0.62 (81)
Others

1.57 (4)

0.07 (~3)
Nd x rays
0.45 (™67
0.74—90.75 (~55})
Nd x rays

0.12 (0.008)

0.29(2)

0.17(18)
0.34 (21)
St % rays
QOthers

0.027 (6}
0.29 (6)
Ac x rays

0.29—0.33 (~50)
U x rays
Others

0.10 (~50)
0.90 (~70)
U x rays
Qthers
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Decay Energies (MeV)
and Abundances (%)?

Isotope Half-Life Production Method(s) Decay Mode(s)
Particles Photons
Radium-224 87.4h Natural decay of 2>?Ih chain &,y 545(5) 0.24 (4)
{Note: contains many 5.68 (95)
daughters)
Radium-226 1600 y Natural decay of 2%%U chain a,y 4.59 (6) 0.19 (4)
[Note: contains many 4.78 (94)
daughters]
Radium-228 57y Naturai decay of 2327h chain 8 0.05
{[Note: contains 228 5
daughter and others]
Radon-222 3.82 4 Natural decay of 228U chain a 5.49
Rhenium-183 70 d Bhwip, 2m 1 83Re EC,~, e~ 0.05 (~11)
0.16 (~20)
W x rays
Others
Rhenium-186 96 h 185 Re(n,7) 36 Re 87 (94%), EC (6%), v 0.93 (24) 0.137 (~10)
1.07¢70) Os x rays
W X rays
Others
Rhenium-188 17h 187Re(n,v) %8 Re 8,y e 1.96 (~24) 0.155(13)
8 1ss 2,12 (~74) .48 (1.0)
Y80 W(n,y) 8 T wWn, ) B8 y Re Others 0.63(1.2)
(69 d) Os x rays
Others
Rhodium-102 206 d 192 pup,n) 2R EC (~70%), 87 (~17%), 87 115 (~17) v (~26)
gt (~13%), v 8% 0.81 (~d4) 0.48 (~55)
1.28 (~9) Ru X rays
Qthers
Rhodium-103m ST m 103 Rhimn 103 MRy iT, e~ 0.020 (x ray) (3)

9Abundances are given in parentheses.

103 8 103m
Ru -—— h
(39.7 d) Rh
EC
103 5103mpy
(17 a)

0.040 {0.06)
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Isotope

Half-Life

Decay Energies (MeV)
and Abundances (%)?

Rhodium-105

Rubidium-8§3

Rubidium-84

Rubidium-86

Ruthenium-97

Ruthenium-103
{Note: contains
Y03mR 1 daughter]

Ruthenium-106—
Rhodium-106

Samarium-151

Samarium-153

Scandium-44

Scandium-46

_
2Abundances are given in parentheses,

18.7 d

69.6 h

39.7 d

108 Ry, 1.01 y; 195Ry,

30 s

~90 y

46.8 h

Production Method(s) Decay Modesis)
Particles Photons
104 Ruin ! %Ry a—f—h)—-»x 165pn 87, 0.25 (25) 0.31-0.32 (24)
: 0.56 (75)
B Bric, 2m* Rb EC, v, e 0.52-0.55 (93
Kr x rays
848 r(n 12 R 5V (2%, 67 (3%, BEC 5™ 0.80 (1D +E (42)
¥ Krip,m®* R (76%), v 1.65 (10) 0.88 (73)
87 0.90 (3) Kr x rays
Others
85 Rutn,v)85Ro 8, 0.69 (9) 1.08 (9)
1.77 (91)
¥5Ru(n,v)° "Ry EC, v, & 0.22 (92)
6.32 (8)
Tc x rays
Fission product 8,y 0.10 (D 0.50 (88)
102 pu 23Ry 0.21 (89) 0.61 (6)
0.71 (3)
Figsion product 1%6Ry HO—f—v)_> 106p4 856,y lO(_’Ru: 0.039
Oy 105 Rh: 2.0 (2) YO%Rh: 0,51 (21)
2.4 (1) 0.62 (11)
3.0 (8) Others
3.54 (78)
Fission product 8 ,e” 0.076 (~98) 4.0822 (~0.06)
1 SOSm(n,y)i SISm
Y5 28min ) 5% m 8y 9.64 (33) 0.070 (5)
0.70 (46) 0.103 (28)
0.80 (20) Others
EC
i =5 44g, 87 (94%), EC (67), v 1.47 (94) 1.16 (100)
(4’ Y) +
v~ (188)
H55e01,7)%85¢c 87,y 0.36 0.89 (100}
1.12 (106}
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Decay Energies (MeV)

and Abundances (%)a

Isotope Half-Life Production Method(s) Decay Mode(s)
Particles Photons
Selenium-75 120 d 14Se(n,v)" °Se £C, v, e 0.12 (16)
0.14 (54)
£.26—0.28 (84)
0.40 (13)
As X rays
Others
Siticon-31 262 h 308i(n,v)> !si 8~ 1.48
31},(”"0)335i
Sitver-105 40 & 106p4(p, 215" 0 Ag £C, v, e 0.28 (32)
0.32-0.34 (42)
Pd x rays
Others
1T - .
Silver-110m— 110mp, 953 d; 109 4 o0y ) 10Mpy ————— 1104 BT(98%), v, IT 2%);  ''%"Ag 0.66 (96)
110 5 (253 d) g :
Silver-110 Ag, 24 s 3. 0.085 (™65) 0.68 {19)
0.53 (~33) 0.71 (16)
1 10Ag: 287 (~2) 0.7§ {23)
0.85 (76)
0.94 (35)
1.38 (27)
1.50 (14)
~ Others
Silver-111 75 d 130p4em, ' Pd Eﬁ—n:: 112 Ag 87, 0.7 (6) 0.25 (1)
0.8 (1) 0.34 (6)
1.05 (93)
Sodium-22 260y 25Me(p,0)* Na 8% (90%), EC (10%), v  0.54 (90) ~= (180)
26Mg(p,an)”*Na 1.27 (100)
Sodium-24 15.0 h ziNa{r:,'y)MNa 87,y 1.39 (100) 1.37 (100)
27 A¥n,00)2*Na 2.75 (100)
Strontium-85 65 d 34g(n,~)8 °S1, using target enriched EC, v 0.51 (99
in 8481 Rb x rays
85 Rb(p,m)8°sr
EC -
Strontium-87m 28h 8741 (p,m3 7Y W”ms; iT, e 0.39 (82)
Sr x rays

P

@Abundances afe given in parentheses.
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Decay Energies (MeV )
and Abundances AN

I%Qtope Half-Life Productior; Methﬂd( s) Decay Mode (y) Ty
Particles Photons
Strontium-89 5t d Fission product a- 1.46

.

Strontium-90— %r, 28.5 v, 90y Fission product 2%y ’2 : #oy g %8s 0.54
Yttrium-90 64.0 h (28.5v) 90y 78
Sulfur-35 88 d 35Cinp)3Ss g 0.167
345(/:,7)358
EC
Tantalum-179 ~16y 181il‘a(p,.Sn}1 79W m—? 1 7QTa EC Hf X rays
1 79Hf([),fl)l 79T:1
Tantalum-182 115 d U gy 827 gy, e” 0.25 (~30) 0.068 (42)
0.43 (~22) 0.100 (14)
0.52 (~42) 0.15¢7)
Others 0,22 (8)
1.12 (34)
1.19 (16)
1.22-1.23 (40)
Others
EC
Technetinm-97 26 X10% ¢ 6 Ru(r,1)* "Ry s 97, BC Mo x rays
(2.9 )
Technetium-99 2IX10%y Fission product 8" 0.29
99m IT 90
T (6.02n) I°
Telluriume121m— PTG, 154 ;120 17 4 220,y 12 ﬁml‘e IT (90%), EC (109, Ymre: 0,21 (82)
Telturium-121 ( ’ Y, e EC, v Te x rays
Sb x rays
2176 6.51 (18)
0.57 (80)
Sb x rays
Tellurium-123m 1204 122 ey, 4y 1 23y, IT, vy, e~ 0.16 (84)
Te x rays
- = i
Tellurium-1 25 584 V255, £, 1258y S 1250m, IT, ¢ 0.035 (7
(9.4 d) 2.79) Te x rays
1 24Te<n’7)l 2 smTC

_—
2Abundances are given in parentheses.
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-

Decay Energies MeV)

-

e —

{sotope Half-Life Production Method(s) Decay Mode(s) and Abundances (%)
Particles Photons
T -
Tetlurium-127m— 127mpe 109 d; 127 Te, 9.3 1 126750y, 2 M Te W”"Te IT,e ;8" 1277¢: 0.70 127M,: Te x rays

Tellurium-127 12 27
5Te(ny)' " Te

1T
Teflurium-129m- 129m1e 34 ¢;127Te, 69 M 128 (4 20" Te W”"Te 1T (66%), 8~ (34%), 129mpe. 090(6)  069(0)
Tetlurium-129 1287 1)129Te v e38T e 1.59(28)  Texrays
1291¢: 0.99 (16) 0.027 (19
1.45 (80) 0.46 (15)
i x rays
Others
Tellurium-132 781 Fission product 8, v.e 0.22 0.053 (17
{Note: contains 3%y 0.23 (90)
daughter) { x rays
Terbium-160 72446 159 7h(n,y)t 20TD g y.e 0.57 (44) 0.087 (33)
0.87 (29) 0.30 29
QOthers 0.88 (31)
Dy x rays
QOthess
Terbinm-161 6.94d 160G4(n,y) 1 Gd Za—i—r;\:*”‘"rb 8 e 0.45 (26) 0.026 21
A 0.51 (64) 0.049 (19)
0.58 (i0) Dy X rays
Others
Thatlinm-204 3.8y 203,432 04T 57 (~98%), 0.76 (~98} Hg x 1ays
EC (~2%)
Thorium-228 {Note: 191y Natural decay of 2327} chain o e 5.34 (28} Ra L xrays
contains many danghters] 5.43(71)
Thorium-230 3 X 10* y Natural decay of“s‘U chain o e 4.62 (2% Ra L xrays
4.68{75)
Thorium-232 139 x 100y Naturally ocenrting ae 3.95 (24 Ra L % rays
4,01 (76)

apbundances are given in patentheses.
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Isotope

Thorium-234—
Protactinium-234m

Thulium-170

Thutium-171

Tin-113—
Indium-113m

Tin-119m

Tin-121

Titanium-44
[Note: contains
%S¢ daughter]

Tungstén-181

Tungsten-185
Tungsten-187

Half-Life

—_——

23474, 24 4;

234mpy 1.2 m

“3Sn, 1154,
W3 1.7

2504

27h
47y

75d
241

4 Abundances arc given in parentheses,

Production Method(s}

Natural decay of 238 U chain;
234Th : g N 234mPa
(24 d)

1t”ng(}z,'y)1 0T

376 171T

Tmtn,y) m

170 171, EC 171,
Er(n,v) Er *‘“7‘5 n Tm

1124 113 EC t13m
—_— In
Sa{n,4)" *°Sn (15 4)

IISSH(H””I 19msn

120 121

Sa{n,y}" " Sn
45Se(p,2m)* T

180y, 1) 8y
181Ta(p,n)181 W

1 84“,.(’1’7)1 8 5“,
IBGW(I/I,')')I 8’7W

BDecay Mode(s)

Particles
-

2341n: 0.19 (~80)
0.10 (~20)

8, ve58 .y

g8,e¢,y

8.y, e

EC, 41T, ¢~

Decay Energies (MeV}
and Abundances (%)4

23%Mpa: 2.29 (98)

0.97 (76)
0.88 (24)

0.097 (~98)

0.38

0.43

0.63(59)
1.33 (20
Others

Photons

23%Th: 0.063 (~4)
0.093 (~4)
Pa L x rays
Others
"Pa: 0.76 (~0.3)
1.00 (~0.6)
UL xrays
Others
0.084 (3.3)
Yb x rays
0.067 (~0.2)
Yb x rays

234

360 0,26 (2)

in x rays
H3mn: 0.39 (66)
In x rays

0.024 (~14)
Sn X rays

0.068 (~90)
0.078 (~98)
Sc x rays

Ta x rays

0.072 (12
.13 410y
0.48 (243
0.69 (28)
Re x rays
Others

€L



Decay Energies {M2V)

Isotope Haif-Life Production Method{s) Decay Mode(s) and Abundances {%)”
Particies Photons

Tungsten-188 69d 186y ) 8 Wi,y 88 W g 0.35
{Note: contains 58 Re
daughter)

Uranium-232 717y 231p,(0,4y%22Pa %i—ﬂ”u ae” 5.27(32) 0.058 (0.2)

(3 5.32 (68) Th L x rays
- QOthers
Uranium-233 162X 10°% y 2327059233 Th (2—‘37“—)» @ e 4.78 (15) Th x 1ays
B“— 4.82(83)
2331):1 5 233
(27 8)

Uranium-235 713 %X 108 y Naturally occusring &y, e 4.39(60) 0.185 (55)
[Note: contains 22! Th 4.36 (19) Th x rays
daughter| Others Others

Uranium-238 4,51 X 109 y Naturally occurring o e 4,15 (25) ThL x rays
[Note: contains 2*Th 4.20{75)
daughter]

Vanadium-48 16.1d Bripm* BV g (~50%), 0.70 (~50; +E(100)

£C (~50%), v £.98 (100)
1.31 (97
Tix rays
QOthers

Vanadinm-49 330d S20e(p,a)*°V EC Ti x rays

Xenon-129m 8d 127 (n,y) 281 IT, e 0.040 (T)

B (25 m) 0.197 (~3)
128Xt:(n,'y)ngm)(e Xe x 13Y8

Xenon-131m 12d 131 (;f)?yl“mm IT, e~ 0.164 (D)

126 : 130) Xe x Tays
EXO R
g7/(12.3 h)
130Xe{n 7)li’:lmxe
Xenon-133 53a Fission produc 37,y 0.34 0.081 (36)

2Abundances are given in parentheses.

vL



______’__,,________———r’i_’__gp______i'_____w

isotope

Yiterbium-169

Yiterbium-175

Y¥itrium-87
[Note: contains
daughter}

Y ttrium-88

H'!msr

Yitrium-90

Yitrium-91

Zinc-6%

Zinc-69m - Zinc-69

Zirconium-95—
Niobium-95

2ircontum-97 -
Niobium-97m
{Note: contains ?7xb
daughter]

Half-Life

424

80 h

1074d

64.0h

59 d
2444
69Mz L 14 b,

692n, S5m

957y, 65 d;
95\, 35 d

972¢, 17 h
97MNb, 1.8 m

a Apundances are given in parentheses.

e —

Production Method(s)

16810041189V

”4Yb(n,'y)”5Yb

875e(p,m)® 7Y

SSSI(p)n)SSY

Fission product 20gy B 90y

(28.5y)

Fission product
64211(;1,7)6 SZn
65(“,u(p,n“165 n

68, 69m; IT_ 89,
Za{n,y) Zn ——‘“’(14 n n

IT 69
(14 h)

69Ga(i(,p)6gmln

Fission product 957y B9

(65 &)

96 \97 8
Zr{n, Z $Tm
iy} LF ———-—?U 0 Nb

Fission product

e ——

Decay Mode(s)

EC, ¥

EC, v

g
g,
g* (1.5%), EC (98%), ¥

e

R A

S

- —

Decay Energies {McV)
and Abundances {%)*

Particles

0.07 (11
047 (87

2.28

0.33 (0.3)
1.54 (99.7)
0.33(1.5)

89 700 0.90

95710 0.36 (55)
0.40{43)
.88 (D)

95Nb: 0.16

97y 1.90 (™90}
Others

Photons

————

0.063(45)
0.11(18)
0.18 (22)
09.20 (34}
T X 13Y8
Others
0.40 (6)
Lu X rays
Others

0.48 (92)
Sr x rays

.90 (94)
1.84 (3%
Sr x 1ays

1.21(0.3)

1.12 (50
Cu X 1ays8

69M71.°0.44 (95)

0.73 {43)
0.76 (55)

0.77 (100)

97Ny 0.75 (9)
QOthers
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STABLE ISOTOPE ENRICHMENT

Since the only difference between isotopes of an element is the number of neutrons in their nuclei, any
method of separation must relate either directly or indirectly to this. Thus, techniques that take direct
advantage of the mass differences come to mind first, for example, electromagnetic separation, thermal
diffusion, gaseous diffusion, distillation, and ion migration. However, indirect methods that depend on
slight differences in such properties as the internal vibrational and rotational frequencies of the isotopes or
their excitation energies should also be useful under the proper conditions, for example, chemical exchange,
photocheniical enrichment, biological enrichment, electrolysis, and solvent extraction.

Electromagnetic separation, in a device known as a calutron,* provides what is perhaps the best known
“universal” technique available for isotope enrichunent. The principle is illustrated in Fig. 20. Typical
enrichments and available forms of the enriched materials are shown in Tables 14 and 15. Figures 21, 22,
and 23 illustrate, respectively, the separation principles of gaseous diffusion, chemical exchange, and

thermal diffusion.

*The term “‘calutron” designates the production-type mass spectrometer, the term having been coined from the words
“California University cyclotron” at the time of its development by Professor E. O. Lawrence at the University of Cali-
fornia.
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Fig. 20. Schematic Hlustxation of Calutron Process.
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Table 14. Typical Calutron Enrichments
of Low Natural Abundance Isotopes

Isotope Abundance (%)
Normal Enriched
Bariunr132 0.104 ~4()
Calcium-44 2.06 >98
Calcium-46 0.0033 ~4()
Chromiunm-50 4.31 >95
Seleninm-74 0.87 >50
Strontium-84 0.56 ~80
Tin-112 0.95 >70
Tin-124 5.98 >90

‘Table 15. Typical Available Forms

Element Form Element Form
Antimony Sb Nickel NiO; Ni
Barium Ba(NO3)q; BaCOy Platinum Pt
Bromine NaBr Potassium CKCL
Cadmium Cdo; Cd Ruthenium Ru
Calcium CaCO5 Silicon $i0,
Cerium Ce0» Sitver Ag; AgCl
Chromium CrO3 Strontium Sr{NQO3),;S51C0O 5
Copper CuO;Cu Telturium Te
Europium Euy 0, Tin - Sn0,;8n
Iron FeyO3; Fe Titanium TiO,

Lead Po(NO3),; PhCO, Tungsten WO
Magnesium  MgO Zine Zn0D
Mercury HgO; Hg(N 03)2 Zirconium 2r0,

Tabile 16. Typical Charge Materials

Element Charge Material” Element Charge Material?
Antimony Sh;8by03;8b,83;8bl, Nickel NiClp ; Ni{(CO)a
Barium Ba; BaCly ; BaBry Platinum Etf
Bromine NiBry; SrBrzb Potassium KCO5; KL K; KBr; KC1
Cadmiam LdO + CCly; CdCly; Cdi,;Cd Ruthenium Rut's; Ru®
Calcium _(2_3_; CaCCly ; Cal,y; Ca0 + Al Silicon b_lS__;“, SiCly
Cerium CeOy + CClg; CeCly Silver AgCl; Ag; AgBr; Agl
Chromium Crp QO3 + CCly; CrCly Strontium St; StBry
Copper Cu,y Clq_} CuCl, Tellurinm Te; TeOy; TeBrg
Europium Eup 05 + CCla; EuCl; Tin SnS; SuCly; SnCly
fron FeCly (fused); FeCly Titanium TiCly
Lead PhCly ; Pbly: (C2Hs)aPb Tungsten WO3 + CCly; WClg; WBrg ; W
Magnesium Mg; MgCla ; MgBry ; Mgl Zinc Zﬁ
Mercury g_i_»;;g, HeCl,; HgO Zirconium Zr04 + CCly; Z1Cly

Currenily preferred forms are underlined.

SStrontium is also collected.

“Flectron bombardment ion source.
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The mathematical theory of electromagnetic separation involves the interrelationships among magnetic
force (Hev), centrifugal force (my? /R), accelerating potential (V), and kinetic energy, %, my?, to give

T ()

where

m = mass of ion, grams,
¢ = charge on ion, emu,
H = magnetic field, gauss,

R = radius of curvature, crm.

The velocity of the ion, ¥ (cm/sec) is eliminated in the calculations.

If the values of V, e, and H are fixed, it can be seen that m and R are directly related and that ions of
smaller masses will have smaller radiuses of curvature; that is, the light nuclides are “bent” more than the
heavy ones by the magnetic field. In practice, two sizes of calutrons are used, one with a 48-in. and the
other with a 24-in. radius. The larger device has a greater separation efficiency than the smaller, but
recovery from the latter is more efficient.

The basic principle behind the electromagnetic separation of isotopes is identical with that of an
analytical mass spectrometer. Both depend upon high potentials for acceleration, magnetic fields for
separation of isotopic jon species, ion sources for ionization of the charge materials, and receivers for
retaining the separated ions — all operating in a vacuum. The notable difference is that the calutron is
designed to collect usable quantities of separated isotopes, whereas the laboratory spectrometer excels as an
instrument for measurement. This dees not rule out the use of the latter for collecting very small amounts
of virtually any isotope, although the collection rate would be very low.

Charged ions are accelerated by voltages of up to 40 kV. Typical charge materials are listed in Table 16.
As these rapidly moving, singly charged positive ions move into the magnetic field surrounding the source
and receiver, they are deflected or bent; the amount of deflection for a particular field sirength and
potential depends only upon the masses of the ions. Thus, different isotopes of a particular element traverse
slightly different paths and can be infercepted in such a way as to accomplish a separation.

Table 17 lists the isotopes of several elements with typical data to show operating parameters and
results of the separations. Table 14 shows enrichments of isotopes that occur in low abundance in nature.

It is, of course, possible to make “second pass” separations to obtain extremely pure samples of
isotopes. For example, S1.i, with a natural abundance of 7.5%, has been enriched to 99.999% by virtue of a
second pass. Other second pass separations have included *°Ca, '¢°Gd, '¢®Er, '®®Er, and 2°4Pb.
However, these separations become quite expensive.

The procedures for chemical recovery involve, for the most part, rather straightforward inorganic
techniques. Lead, for example, is recovered by leaching copper receiver pockets with HNOj, electrodeposit-
ing the lead at the anode as PbO,, dissolving the PbO, in hot HNO; and H,0,, and finally crystallizing
high-purity PB(NO3), from 85% HNO;. Copper is recovered by igniting graphite receiver pockets in
oxygen, dissolving the ash in HNO;, and electrolyzing the copper. This copper is then redissolved in HNO;
and ignited to CuO. Silicon is collected in graphite. The resulting silicon carbide, along with the pocket, is
burned in oxygen, and the SiO, residue is fused with Na, CO;. The melt is then dissolved in water, and
SiO, is precipitated by acidification and digestion with HC10,. The chemical recovery of rare earths often
involves ion exchange purifications to remove adjacent rare-earth impurities. Even then, high-purity
products are difficult to obtain.
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Table 17. Typical Operating Parameters and Results of Isotope Sepazations

Average Beam Receiver Natural Enriched Product
Isotope Current Pocket Abundance Abundance Recovered
(inA) Material (%) (%) (mg/h)
Copper 50 Graphite 100
530y 69.1 99.90
55Cu 30.9 99.70
Iron 60 Graphite 115
54 5.84 98.19
56ye 91.68 99,93
$7pe 2.17 93.63
S¥pe 0.31 82.12
Telturinm 20 Aluminum 70
1204, 0.089 53.39
122p, 2.46 95.44
123 0.87 83.8
1241 4.61 95.10
1251, 6.99 95.56
126 18.71 98.69
128 31.79 99.46
130, 34.49 99.49
Ruthenium ST Graphite 27
96Ru 5.47 98.07
%% Ru 1.84 89.00
°’Ru 1277 98.8
100pu 12.56 97.24
101gy 17.10 97.73
102pu 31.70 99.53
104py 18.56 99.7
Magnesium 100 Copper + oxygen gas 80
Mg 78.60 99.92
25 Mg 10.11 97.87
o)y 11.29 99.77

Why separate stable isotopes? Isotopes are enriched in order to take advantage of the fact that the
magnitude of any effect which can be associated with a particular isotope depends directly upon the
arnouni of that isotope present. Hence enriched isotopes are particularly valuable in cases where the natural

abundance is low.

A very important use is in the preparaiion of radivisotopes. In neutron or charged-particle activations,
for example, the yield resulting from a given irradiation js directly related to the concentration of target
isotope. Frequently, it is economically advantageous to substitute calutron time for reactor or accelerator
time - that is, to reduce activation time by increasing target-isotope concentration. On the other hand, for
a given activation time, a product with better specific activity is obtained when enriched targets are used
(enriched *°8Cd, *4Sc, S4Fe, S¥Fe, 7%Se, *4Ca, *®Ca, and *°Cr are rovtinely irradiated by neutrons for

Stable Isotope Utilization

the prodaction of high-specific-activity radioisotopes).
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Table 18. Enrichment of Calcium and Iron

Natural Enriched
Isotope Abundance Abundance
(%) (%)
Desired product 46Ca 0.0033 45.0
Contaminant 44Ca 2.06 33
Desired product 58pe 0.31 78.4
Contaminant S4fe 5.84 0.9

A further advantage associated with any enrichment procedure may be the simultanecus depletion of
other isotopes. Often this latter effect is more important than the actual enrichment itself. For example,
the preparation of 4.5-day *#7Ca involves an (n,7) reaction on *®Ca. However, the low abundance
(0.0033%) of *¢Ca in natural calcium is so overshadowed by the relatively high abundance (2.06%) of **Ca
that any irradiation of natural calcium gives primarily ihe radioisotopec *5Ca instead of *7Ca.
Electromagnetic enrichment of 4¢Ca gives a product with ~15:1 #Ca:**Ca ratio instead of the ~1:600
ratio in normal calcium.

A similar situation exists with respect to *5Fe in *°Fe. The use of enriched *® Fe as the reactor target
results in a reduction in the ratio of 5*Fe:>®Fe by a factor of >1500. Table 18 shows the effects of
separation on the two isotopes involved for calcium and for iron.

The use of separated isotopes in making measurements of fundamental physical properties is very
common. The determination of cross sections or decay schemes, for instance, would be essentially
impossible without enriched species. (Tin has ten isotopes, ! ! *Sn having an abundance of 0.35%. To assign
values specifically to this isotope in the presence of 99.65% of the other nine nuclides could not be done
with any confidence. But when enriched to 40% *!*Sn, a measurement becomes readily interpretable.)

Table 19 categorizes and lists the most common uses of enriched stable isotopes.
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Table 19. Uses of Enriched Stable {sofopes

Ground-state studies
Moments and Spins
Decay
Half-lives
Disintegrations or radiations
Decay schemes
Angular corrclation {¢.g., of s from disintegrations)
[someric levels
{somerism
Isomeric transitions
Radioactivity
Reaction studies
Production and Genetics
Mass assignments
New isotopes (production and measurement)
Identification of particles in reaction (includes v’s)
Spectral studies of outgoing radiations
Energy Levels
Excited states
Coulomb excitation
Cross Sections and Yields (e.g., #’s from d’s on oL
Neutrons
Fission
Elastic scattering
Inelastic scattering
Angular distribufion
Charged particles
Fission
Elastic scattering
Inclastic scattering
Angular distribution
Photons

Nonnuclear applications
Biology, Medicine, Agriculture, Geology
Chemistry Applications (includes isotope dilution)
Analytical Methods
General Physics
Hyperfine structure
{sotope shift
Natural abundance
Miscetlaneous
Isotope Effects
{sotopic Composition
Nuclear Alignments
Optical Studies
Radioisotope Production
Spectral Studies '
Stable Isotope Separation
Stable Isotape Uses

Target Fabrication
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AVAILABILITY OF ENRICHED STABLE ISOTOPES

The stable isotopes listed below are typical of those for sale from Oak Ridge National Laboratory and
from commercial suppliers.* Although stable isotopes can be procured without AEC license, an export
license from the US. Department of Commerce, Burcau of International Commerce, Office of Export
Control, Washington, D.C. 20230, is required for certain quantities and values of lithium, boron, heavy
water, and deuterium products. Other isotopes need no export license except to non-free-world
destinations.

Unless otherwise indicated, natural abundances of the stable isotopes in the tabulation are taken from
Isotopic Mass Spectrometry of the Elements, USAEC Report ORNL-3528, compiled by E. J. Spitzer and T.
R. Sites (December 1963).

Prices are, of course, available from suppliers and, for any particular isotope, increase almost

46 Ca eariched to

exponentially with enrichment. Although never cheap in terms of pound quantities {e.g.,
>40% would cost approximately $320 million per pound, if such a quantity were available), milligram
amounts are usually sufficient for most uses, and the cost becomes quite reasonable - particularly since the

enriched form permits experiments or other uses that would otherwise be impossible.

*Foy listing, see The fsotope Index (Yames L. Sommerville, Ed.), published by Scientific Equipment Co., P.O. Box
19086, indianapolis, Ind. 46219,
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Usual Natural Enriched
Element Inventory Nuclide Abundance? Abundance
Form (%) (%)
Antimony (Sb) Sb 121 57.25 95 to 99.5
123 42.75 95 to 99
Asgon (A1) Ar 36 0.337 Up to >55
38 0.063 2 to >50
Barium (Ba) Ba(NOQ3), 130 0.101 10 to >50
132 0.097 5to 45
134 2.42 40 to 85
135 6.59 50 to >90
136 7.81 30 to >90
137 11.32 40 to 90
138 71.66 >95
Boran (B) B 10 19.61 92
11 80.39 98
BF;3«Cak, 11 80.39 89
Bromine (B1) NaBr 79 50.537 90 to >98
81 49,463 90 to >97
Cadmium (Cd) Cdo 106 1.215 70 to 90
108 0.875 60 to 85
110 12.39 50 to 98
111 12.75 80 to 98
112 24.07 80 to 98
113 12.26 80 to >95
114 28.86 90 to >98
116 7.58 60 to >99
Calcium (Ca) CaCO3 40 96.97 99 to >>99.9
42 0.64 25 to >>90
43 0.145 20 to >80
44 2.06 75 to >98
46 0.0033 20 to 47
48 0.185 5to>95
Carbon (C) C 12 98.892% >99.9
13 1.108 >90
Cerium (Ce) CeO, 136 0.193 10 to 40
138 0.25 3t018
140 88.48 >98
142 11.07 >80
Chlorine (C) NaCl 35 75.529 85 to >>98
37 24 471 60 to >95
Chromium (Cr) Cr,03 50 4.31 70 to 95
52 83.76 Up to >>99.9
53 9.55 30 to >95
54 2.38 70 to >>95
Copper (Cu) CuoQ 63 69.09 >98
65 30.91 >90
Dysprosium (Dy) Dy,03 156 0.0524 9to 25
158 0.0902 5to 25
160 2.294 50to 70
161 18.88 70 to 90
162 25.53 70 to 90
163 24.97 70 to 90
164 28.18 65 to 95
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Usual Natural Enriched
Element Inventory Nuclide Abundance? Abundance
fform %) (%)
Erbium (In) Fr,0, 162 0.136 510 25
164 1.56 10 to 65
166 3341 70 to >>99
167 22.94 50 to 95
168 27.07 70 t0 99.9
170 14.88 80 to 97
Europium (Eu) Eu,03 151 47.82 90 to 99
: 153 52.18 90 to 99
Gadolinium (Gd) Gd,; 05 152 0.20 13 to 40
154 2.15 25t0 75
155 14.73 65 to 95
156 20.47 80 to 97
157 15.68 60 to 95
158 24.87 80 to 99
160 21.90 851099
Galtium (Ga) Ga,03 69 60.4 90 to 99
71 39.6 >90
Germanium (Ge) GeO, 70 20.52 80 to 95
72 27.43 80 to 98
73 7.76 70 to 95
74 36.54 90 to 99
76 7.76 70 t0 99
Hafnium (H) HfO, 174 0.18 310 20
176 5.20 40 to 83
177 18.50 55t0 95
178 27.14 80 to 96
179 13.75 40 to 85
180 35.24 90 to 99
Hydrogen (H) HD, D,, HDO, D, 0, 2 0.015 >98
[Hydrogen-2 is and (CD2)y
commonly referred (polyethylenc)
to as deuterium
(symbol D]
Indium (In} In, 03 113 4.28 30 to 98
115 95.72 >99.5
Iridium (Ir) Ir 191 37.3 85 to 96
193 62.7 85 to >95
Iron (Fe) Fe,03 54 5.82 75 to >*90
56 91.66 98 to0 >99.8
57 2.19 40 to 290
58 0.33 25 t0 90
Krypton (Kr) Kr 78 0.354 ~8
86 17.37 >90
Lanthanum (La) La, O3 138 0.089 0.3 t0 8.0
139 99911 2>99.95
Lead (Pb) PH(NO3), 204 1.48 20 to =99
206 23.6 88 to >99.95
207 22.6 25 to 2>99.9
208 52.3 80 to >>99 .
Lithium (Li) Li 6 7.42 95.4 10 99.3
7 92.58 99.99
LiOH»H,0 7 92.58 99.99
Li,CO3 6 742 95.4 to >99.3
7 92.58 99.99

{Lithium metal, LiH], LiD, LiF also available)
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Usuasl Natural Enriched
Element Inventory Nuclide Abundance? Abundance
Form (%) (%)
Lutetium (Lu) Lu,0; 175 97.41 >99.8
176 2.59 70 to 80
Magnesium (Mg) MgO 24 78.70 >99
25 10.13 >90
26 11.17 >95
Mercury (Hg) HgO 196 0.146 5 to 49
198 10.02 50 to >99
199 16.84 50 to 90
200 23.13 5010 90
201 13.22 80 to 90
202 29.80 70 to 99
204 6.85 35 to >80
Molybdenum (Mo) Mo 92 15.84 90 to 98
94 9.04 70 to 95
95 15.72 70 to 99
96 16.53 85 to 97
97 9.46 85t0 95
98 23.78 90 to 99
100 9.63 80 to 99
Neodymium (Nd) Nd, 03 142 27.11 80 to 99
143 12.17 65 to 95
144 23.85 85 to 99
145 8.30 55t095
146 17.22 85 to 99
148 5.73 80 to 95
150 5.62 55 to 97
Neon (Ne) Ne 20 90.92 >99.9
21 0.26 ~6
22 8.82 >96
Nickel (Ni) Ni 58 67.88 98 to >99
60 26.23 86 to 99.8
61 1.19 70 to >95
62 3.66 95 to 99
64 1.08 95 to >99
Nitrogen (N) HNO3 15 0.365 Up to >99
Osmium (Os) Os 184 0.018 2to3
186 1.59 60 to 65
187 1.64 45 to 50
188 13.3 >85
189 16.1 >85
190 26.4 >95
192 41.0 >95
Oxygen? (0) H,0 17 0.037 10
18 0.204 7 to 98
D,0 18 0.204 2 to 89
Palladium (Pd) Pd 102 0.96 50 to 65
104 10.97 5510 85
105 22.23 70 to 80
106 27.33 70 to 85
108 26.71 85 to 95
110 11.81 75 to 95
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Usual Natural Enriched
Element Inventory Nuclide Abundance? Abundance
Form (%) (%)
Platinum (Pt) Pt 190 0.0127 0.1t0 0.9
192 0.78 4 to 15
194 32.9 40 to 70
198 33.8 45 to 65
196 25.3 40 to 70
198 7.21 30 to 65
Potassium (K) KC1 39 93.10 99
40 0.01181 3 to >80
41 6.88 85 to 99.5
Rhenium {(Re) Re 185 37.07 80 1o 99
187 62.93 95 to >99
Rubidium (Rb) RECH 85 72.15 95 to >-98
87 27.85 65 to 99
Ruthenium (Ru) Ru 96 5.51 60 to >90
98 1.87 40 to 83
99 12.72 75 to >*90
100 12.62 71 to >90
101 17.07 65 to 95
102 31.61 =90
104 18.58 90 to 99
Samarium (Sm) Sm,03 144 3.09 70 to >>90
147 14.97 80 to 99
148 11.24 70 to 99
149 13.83 80 t¢ 99
150 7.44 60 to >99.7
152 26.72 85 to 99
154 22.71 96
Selenium (Se) Se 74 0.87 12 to >40
76 9.02 35 to 90
77 7.58 50 to 90
78 23.52 70 to 98
80 49.82 90 to 99
82 9.19 40 to 90
Silicon (5i) Si0, 28 92.21 >98
29 4.70 60 to >85
30 3.09 40 to >90
Silver (Ag) Ag 107 51.35 90 to =99
109 48.65 >99
Strontium€ (Sr) Sr(NG3)» 84 0.56 60 to >80
86 9.86 65 to 98
87 7.02 55 to 98
88 82.56 >98
Sulfur (8) S 32 95.0 98
33 0.760 4 to 26
34 4.22 10 to 50
36 0.0136 201024
Tantalum (Ta) TayOs 180 0.0123 0.10 to 5.1
Tellurium (Te) Te 120 0.089 11 to 50
122 2.46 71 to 95
123 0.87 25 to 80
124 4.61 49 to 95
125 6.99 40 t0 97
126 18.71 85 10 97
128 31.79 80 to =99
130 34.48 75 10 99



Element

Inventory

Usual

Form

90

Nuclide

Thallium (TD)

Tin (Sn)

Titanium (T1)

Tungsten (W)

Vanadium (V)

Xenon (Xe)

Ytterbium (Yb)

Zinc (Zn)

Zirconium (Zr)

T1,03

Sn02

TiO,

WO,

V,05

Yb,0;3

Zn0O

ZIOZ

124
131
136

168
170
171
172
173
174
176

64
66
67
68
70

90
91
92
94
96

Natural

Enriched
Abundance?® Abundance
(%) (%)
29.50 45 to 95
70.50 80 to 99
0.96 >65
0.66 45 to >55
0.35 11 to 41
14.30 75 to >95
7.61 45 to 90
24.03 90 to 99
8.58 >75
32.85 90 to 99
4.72 75 to 95
5.94 30 to 96
7.93 70 to 90
7.28 60 to 90
73.94 >96.5
5.51 25 to 90
5.34 65 t0 85
0.135 4 to 14
26.41 90 to 95
14.4 >70
30.64 80 to 96
28.41 >96
0.24 15to 45
99.76 >99.95
0.096 ~1
21.2 25
8.87 80
0,135 10 to 35
3.03 60 to 80
14.31 85 to >>95
21.82 85 to 98
16.13 75 to 95
31.84 8510 99
12.73 75 to 99
48.89 85 to 99
27.81 90 to 99
4.11 50to 95
18.57 95t0 99
0.62 55 to >75
51.46 90 to 99
11.23 45 to 90
17.11 80 to 96
17.40 80 to 99
2.80 45 to 90

9In several cases, not all isotopes of an element are provided as enriched products (e.g., Ar, H, Kr, N). In these cases,
only the enriched nuclides are listed; hence, the natural abundances do not total 100%.
bA. 0. Nier, A Redetermination of the Relative Abundances of the Isotopes of Carbon, Nitrogen, Oxygen, Argon, and
Potassium, Phys. Rev. 77: 78993 (1950).
¢A. O. Nier, The Isotopic Constitution of Strontium, Barium, Bismuth, Thallium, and Mercury, Pays. Rev. 54: 275-78

(1938).
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SPECIAL MATERIALS AND SERVICES

Occasionally there are requirements for special reactor or cyclotron irradiations or other services such as
target fabrication, conversion of oune product form to another, or purification of research materials. These
services are available from various organizations on 4 custom-service basis.

Reactor frradiations. -- Special service irradiations -- for example, in cooneclion with neutron
activation analysis - are quite common and are available from most organizations that have reactors.
Several organizations provide the complete service, that is, irradiation and analysis.

Cyclotron frradiations. -~ There are several production cyclotrons in operation, among which the Oak
Ridge National Laboratory 86-in. is one of the largest.* It develops internal proton-beam currents up to 3
mA at 17.5 MeV and up to 1.5 mA at 21 MeV. Flat-plate and capsule targets are both used; typical
production information is shown in Table 20. Table 21 lists additional isotopes that have been produced in
cyclotrons.

Although no AEC license is required for eyclotron-produced activities, most license-agreement states do
require a license for these materials.

Special Research Materials. - The heavy elements 241 Amy and ?2®"Np are available from Oak Ridge
National Laboratory. The ordering procedure is the same as for other radioisotopes.

Sources. — A wide variely of source forms and source designs is available from commercial
organizations and national laboratories. Cobali-60, 1929y, Sb-Be neutron sources, and fission product

Table 20. Production Information for Cyclotron Tsotopes

Flat-Plate Target o Capsule Target
Radioisotope . Estimated i st
Material yieldfh % 25% Material yi:&t/!:l ?32 %
"Be Lion Cu 30 mCi
22Na Mg solid 300 pCi
48y TiO, 23 mCi
Sley v solid 120 mCi
52Mn Cr powder 52 mCi
$5)e Mu on Al 8 mCi
57Co Nion Cu 17 mCi
6805 GaonCn 3 mCi
7% As Ge powder 19 m{i
8%gb Kr gas 700 uCi
B5¢y RbCl 3 mCi
88y 5:C0;5 3 mCi
1090g Ag solid 9'mCi
123y 12316 enriched 100 mCi
1394 LasOs3 1 mCi
181y TaonCu 15 mCi
198 an Pt on Cu 9 mCj
2075 Pb on Cu 300 pCi

=3. 1. Pinajian and T. A. Butler, ORNL 86-in. Cyclotron for Isotope Production, Isotopes Radiation Technol. 1(2):
137--43(1963).
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Table 21, Additionat Cyclotron-Produced Isotopes

The following radioisotopes have not been produced in sufficient amounts to give
reliable estimates of yield. Contact the supplier concerning these or any other
radioisotope of interest.

l()SAg 153Gd 57Ni 193};,t 123mTe
26A1 197Hg 91Nb 183Re 44Ti
73AS 124I 103Pd 99Rh 201Tl
203Bi 1251 203Pb 102Rh 202.rl
77Bl’ 1261 143Pm 44msc 165Tm
56C0 1301 144Pm 4850 168Tm
132CS 17OLu 145Pm ll3sn 49V
14‘IEu 171Lu 146Pm 179Ta 86Y
148Eu 172Lu 148Pm QSTC 87Y
149F,u 174Lu 149Pm 96Tc 8821_
151Gd 93M0 191Pt 121Te GSZn

sources (e.g., 127Cs, 1%4Ce, °°Sr, '*7Pm) are relatively inexpensive sources that can be used in many
applications, including radiography, teletherapy, heat generation, and batteries.

Special Calutron Services: lon Implantation. — On request, services other than isotope separation can be
scheduled in the ORNL calutrons. The use of discrete ion beams for ion implantation in the “‘doping” of
semiconductors, the formation of accelerator targets, and the preparation of samples for diffusion studies
are typical of the additional services available. Bombardment techniques provide implantation of any stable
nuclide (and some radionuclides) within the energy range 10 to 40 keV, and at current densities of <1
pAfcm? to >150 mA/em?. Through the use of doubly charged ions and specially designed receiver as-
semblies, the energy range can be expanded to include bombardments within the energy range ~10 to 160
keV. Surface particle densities of >10"? particles/cm® can be achieved, and gas targets can be formed to
contain 5 to 20 ug/cm? on suitable backings.

Receiver assemblies have been designed which are capable of providing multiple-target bombardments
(up to 100 targets per run for certain types), and rotating assemblies are used to ensure uniform deposition
of the ionic species.

Preparation of Special Research Forms. - Preparation of special research forms of the various stable
and radioactive isotopes and elements (including transuranium elements) is a service performed by the Oak
Ridge National Laboratory Isotopes Target Center for all AEC laboratories and contractors. On a special
request basis other research organizations are given consideration for this service. Research material
preparations include chemical conversions of inventory forms of the isotopes to those forms desired, but do
not include labeled organic compound preparations. Special physical forms that can be obtained include
thin films and foils for use as accelerator targets and metal in the form of bars, wires, and sheets formed by
casting, rolling, pressing, and sintering. Further purification of isotopic materials can be performed by
chemical means or by techniques such as crystal-bar preparation (Van Arkel—-deBoer process) and zone
refining. In some cases, single-crystal preparation is possible either in thin-film form or as bulk material.

As a guide to the research scientist, the listing below (Table 22) exemplifies the capabilities of the
Isotopes Target Center. Note: Many preparations are not listed, and the range of thickness can be increased
or decreased, depending on sample size, shape, etc.



Table 22. Target Preparations

Code: a — evaporation 1 — self-supporting
b - rolling 2 - metal backing
¢ - electrolytic deposition 3 ~ thin carbon
d - casting or pressing

f - other
Floment Range of Th%ckness Method of Backing Form of
- {ugfcm®) Preparation Deposit
Aluminum 510 12,000 a 2 Al
15G up a 1 Al
d 1 Al
A mericium Undetermined Am or oxide
Antimony 500 to 3000 a 1 Sb
Axsenic 10 to 200 a 2 As
Barium 10 10 1000 a 2 Salt
d i Salt
2000 up a, b 1,2 Ba
Beryllium Undetermined a 1,2,3 Be
Bismuth 10 to undetermined a 2 Bi
Boron 20t 250 a 1 B
10 to 1000 a 2 B
Bromine 10 to 1000 a 2 Bromide
5000 up d 1 Bromide
Cadmium 10 to 200 a 2 Cd
10600 up b i Cd
d 1 Cd
Calcium 10 to 1000 a 2 Cu
700 up b 1 Ca
d
Carbon
Normal 10 to 200 a i e
Isotopic 16 to 200 f 2 )
Cerium 10 to undetermined Y 2 Oxide
Cesium 10 to 1000 a 2 Salt
Chiorine 10 10 1000 4 2 Salt
5000 up d 1 Salt
Cluomiumt 500 to 3000 a 1 Cr
10 to undetermined a 2 Cr
d 1 Cr
Cobalt 1600 up b 1 Co
10 up a 2 Co
100-1000 a 1 Co
Copper 500 up b 1 Cu
10 to 1000 C 2 Cu
200 up a 1 Cu
d 1 Cu
Trbium 10 to undetermined a z Er
Undetermined a 1 Er
Europium 10 to undetermined a 2 Eun
10060 up b 1 Eu
Tluorine 25 to 500 a 2 Fluoride
Gallium 10 to undetermined a 2 Ga
10 to 200 a 3 Ga, 0,
d i Gay O3
Germanium 10up a 2 Ge
300 to undetermined a 1 Ge
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Table 22 (continued)
Range of Thickness Method of . Form of
Element g( uef sz) Preparation Backing Deposit
Gold 10 up a 2 Au
Undetermined 1 Au
d 1 Au
3H adsorbed on Zx, Y, Ti, or Ex 100 to 5000 f 2
Indium 5000 up b 1 In
10 up a 2 In
d 1 In
Iridium 10 to 100 a 2 It
Iron 500 up b 1 Fe
10 up a 2 Fe
d 1 Fe
Lanthanum 10 to undetermined a 2 La
d 1 La
Lead 8000 up b 1 Pb
1000 to 8000 a 1 Pb
10 to 1000 a 2 Pb
d
Lithium 4000 to any cast size b, d 1 Li
10 to 500 a 3 LiH
10 to 500 a 2 Li
Lutetium 10 to undetermined a 2 Lu
Magnesium 250 to 1000 b 1 Mg
1000 to 8000 a 1 Mg
d 1 Mg
Manganese 300 to 1600 a 1 Mn
10 to undetermined a 2 Mn
Mercury 1000 to 4000 c on Au Hg
Undetermined a 2 Salt
Molybdenum 10 to 1000 a 2 Mo
1000 up b 1 Mo
Neodymium 10 to undetermined a 2 Nd
Neptunium 10 up a 2,3 Oxide
Nickel 500 up b 1 Ni
10 up a 2 Ni
d 1 Ni
Niobium 10 up a 2 Nb
1000 up b 1 Nb
Palladium 1000 up b 1 Pa
10 up a 2 Pd
d 1 Pd
Platinum 4000 up b 1 Pt
10 up a 2 Pt
d 1 Pt
Plutonium 10 up a 2 Oxide
Polonium 10 up a 2,3 Po
Potassium 7500 to any cast size b, d 1 K
Promethium 10 up a 2 Oxide
a 2 Pm
Radium 10up a 2 Bromide
Samarium 1000 to undetermined b 1 Sm
10 up a 2 Sm
Scandium 10 up a 2 Sc
1000 up b 1 Sc
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Table 22 (continued)
N Range of Thickness Method of . Form of
Element ng(;.\‘g/ ;1:1‘%) Preparation Backing Depr:)lsio’[
Selenium 300 to 5000 a 1 Se
10 to 5000 a 2 Se
d 1 Se
Silver 1000 up b 1 Ag
100 to 5000 a 1 Ag
10 to 1000 a 2 Ag
d 1 Ag
Siticon 10 to 1000 a 2 Si
50 to 400 a 1 Si
10 t0 150 2 2,5 5i09
Sodium 7500 to any cast size b,d 1 Na
Strontium 3000 up b 1 St
Sultur 5000 up d 1 S
10 to 100 2 2 S
Tantalum 2000 up b i Ta
10 to 1000 a 2 Ta
Technetium 10 to 1000 a 2 Te
Tellurium 10 to 1000 a 2.3 Te
d 1 Te
Thallinm 8000 up b i Tl
10 up a 2 T
Thortium 4000 up b 1 Th
Tin 4000 up b 1 Sn
10 to 1000 a 2 Sn
500 to 4000 a 1 Sn
Titanium 500 up b 1 Ti
10 up a 2 Ti
Tungsten In Cu matrix b 2 w
>>2000 d 1 W
Uranium 10 up a 2 Oxide
0.1 mil up b 1 U
Vanadium 1000 up b 1 v
10 up a 2 v
Ytterbium 10 to undetermined a 2 Yb
1000 up b 1 Yb
Yitriom 10 to undetermined a 2 Y
2000 up b i Y
Zinc 1000 up b 1 Zu
10 up a 2 Zn
Zirconium 500 up b 1 Zr
10 to 5000 b 2 Zx
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