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HE table on pages 476-612 represents a complete

list of all the radioactive and stable isotopes of
the elements, together with a number of their salient
features, as recorded in the literature or by private
communication by approximately December, 1952.

A primary objective has been to retain as much of
the compactness of the previous editions as is consistent
with an adequate coverage of the multitudes of nuclear
data presently available.

A new system of references has been employed. Each
paper is represented by the code symbol of the first
author, followed by the year in which the paper was
published. If two or more papers by one author have
appeared during a single year, these are distinguished
by the small letters @, b, ¢, etc., following the main
reference. For example, 16H is the code symbol given
to O. Hahn; thus, the references 16H41, 16H41a, and
16H41b represent three papers published in 1941 of
which O. Hahn is the first author. The code symbols
given to the authors are arranged alphabetically only
with respect to the first letter of their names.

A description of the entries in the various columns is
given below, followed by a table listing some frequently
used abbreviations.

ISOTOPE

The first column lists the atomic numbers, chemical
symbols, and mass numbers of the nuclear species.
Separate entries have been made for each nuclear state
whose half-life has been experimentally determined.
Metastable excited states are denoted by the superscript
“m” following the mass number, and for those cases in
which two or more isomeric states are known, they are
distinguished by the use of the superscripts “m,”
“mas,” etc.

CLASS AND IDENTIFICATION

The degree of certainty of each isotopic assignment is
indicated by a letter, according to the following code:

A Element and mass number certain

B Element certain and mass number probable

C Element probable and mass number certain or
probable

D Element certain and mass number not well estab-
lished

E Element probable and mass number not well es-

tablished or unknown (mass number not listed

means that it is unknown)

Insufficient evidence

Assignment probably in error

QH

Data which have been shown to be in error have in
general been eliminated from the table. A few isotopes
have been quoted so widely in the literature, however,
that it was felt some reference should be made to them.
For these cases the G rating has been adopted, and
reference made both to the original work and to that
which has supplanted it.

The means by which the mass assignments were
made are next tabulated. In general, several references
are given here, the first of which denotes the probable
discoverer of the isotope (except in the cases of the old
natural radioactivities). Following this, references are
given to the paper or papers which contributed most
significantly toward giving the isotope its best or present
rating. Some indication of the experimental methods
used in making the various assignments may be had
from the following symbolism:

chem Chemical separations, establishing
uniquely the chemical identity (atomic
number) of the isotope

genet Proven genetic relationships (by chemi-

cal or other means) with other isotopes
whose mass assignments are presum-
ably known

Proof of isobaric relationship with an
identified nuclide by observation of
identical energy levels following decay
of both, implying decay to the same
product

Loosely refers to energetic considera-
tions which have aided in making the
mass assignment. Some of these might be

genet energy
levels

excit

(1) excitation or yield experiments to
establish the nuclear reaction which
produces the isotope

(2) bombardments with low energy par-
ticles, in which possible products
are few

(3) mass calculations, or other esti-
mates or measurements of Q values

(4) in a few cases, use of fission yield
data in making assignments

cross bomb  Studies of yields of the isotope in several
different types of bombardments, in
which the target elements as well as
the projectiles have been varied

Cases where bombardments with slow
neutrons (#— v reactions) have provided
key evidence in the mass assignments

n-capt
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The use of target elements enriched or
depleted in a certain isotope
Identification of the mass number by
means of a mass spectrograph
resonance neutron activation Identification of a nu-
clear isomer by observing both isomers
upon irradiation with filtered neutrons
Identification of expected or predicted
decay characteristics

sep isotopes

mass spect

decay charac

PERCENT ABUNDANCE

The relative isotopic abundances for the elements are
given in accordance with the “best values” listed in the
report (1B50) by K. T. Bainbridge and A. O. Nier.
In some of the light elements, reference is made also to
papers which discuss source variations in isotope
abundances.

TYPE OF DECAY

The observed modes of decay have been listed for all
radioactive nuclei. In cases of branched decay between
two or more modes, the branching ratios are listed
wherever they are known. Symbols used are

B~ Negative beta-particle (negatron) emission

B+  Positive beta-particle (positron) emission

a  Alpha-particle emission

EC Orbital electron capture. It may be assumed that
x-rays have been observed or actually identified
in virtually all cases of orbital electron capture
listed. If the ratio of L electron capture to K elec-
tron capture has been determined, it is given here
as L/K

IT Isomeric transition (transition from upper to
lower isomeric state of same nucleus)

n  Neutron emission

When experimenters have searched for and failed to
find a particular mode of decay, this is indicated, for
example, as “no $+.” Experimental upper limits are
frequently given, but no theoretically predicted limits
have been quoted.

Among the heavy alpha-emitting isotopes, calcula-
tions by means of closed radioactive decay cycles have
shown that many of these isotopes are thermodynami-
cally stable against 8=, 8+, or EC decay. This has been
indicated by the term ““B-stable,” followed by an ab-
breviation for the principle of conservation of energy,
which is used in the calculations.

HALF-LIFE

Half-life values are listed without qualification where
the determination has been a direct measurement of
decay rate. In other cases, the experimental methods
have been described with the aid of the following
symbols:
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Determination by weighing a long-lived
isotope of known purity

Measurement of the time interval be-
tween two successive nuclear events (such
as $~ and vy-emission) thus establishing
the lifetime of the state responsible for
the second event. By this method, hali-
lives between 1073 sec and 1071 sec have
been determined.

sp act

delay coinc

yield Estimation of half-life from the amount of
activity resulting from a nuclear reaction
whose cross section (or yield) is known or
estimated

genet Measurement of the half-life of a parent

activity by determining the yield of a
daughter activity as a function of time,
where periodic chemical separations of
daughter from parent have been per-
formed

An attempt has been made to list the best value or
values first. However, in a few cases where many values
of comparable precision have been reported, and
no choice seemed obvious, an average value for the
half-life has been listed; this is explicitly stated, and
references are given to all the papers whose values
contributed to that average. Also, among the natural
radioactivities an average value is often used which was
taken from an international committee summary report
(1C31).

PARTICLE ENERGIES

‘The particle energies are followed by other relevant
information pertaining to the decay scheme, and by a
description of the experimental methods used in obtain-
ing the data. In cases of complex alpha-structure or
several partial beta-spectra, the relative abundances of
the various groups within that mode of decay are given
in parentheses.

Beta-particle energies correspond to the upper limits
of the spectra..

Alpha-particle energies have been quoted only where
the investigator has actually measured them. Where he
has determined only the relative abundances of alpha-
groups or the energy differences between groups, this
has been indicated as in the following eéxample:

ao(10 percent), ao(75 percent), as(15 percent),

meaning that 75 percent of the alpha-particles lead to a
state 50 kev above the ground state, and that 15 per-
cent of the alpha-particles lead to a state 80 kev above
the ground state.

The term “long-range &’ is the classical designation
for alpha-particle groups emitted from excited states of
the listed nuclide, and the energies therefore are not
included in the Q. value, which applies to the ground
state to ground-state transition. These alpha-groups
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occur in competition with gamma-ray emission,
following the beta-decay of the parent nuclide.
Conversion electron energies are listed only. when it
is not known in which shell internal conversion takes
place or when no attempt was made by the experi-
menter to relate the electrons with observed or un-
observable gamma-rays; in all other cases, entries are
made in the column for gamma-transitions.
Experimental methods are described as follows:

abs
spect

Absorption ‘

Magnetic deflection (magnetic spectro-
graph or spectrometer or counter with
magnetic field)

Measurement of pulses produced by a
scintillating crystal or solution

scint spect

ion ch Measurement of pulse sizes in ionization
chamber or proportional counter

cl ch Cloud chamber (with magnetic field in
case of beta-particles)

coinc abs® Beta- and gamma-coincidence counters

with absorbers
Coincidence counters arranged with a
spectrometer or spectrometers

coinc spect

GAMMA-TRANSITIONS

Gamma-transitions are described by the following
information, in so far as reliable data permit:

Energy of the gamma-quantum. When internal con-
version electrons form the basis for the energy determi-
nation, the energy listed in this column is always that
of the corresponding gamma-ray transition.

Abundances of gamma-rays. This may be given as
the number of unconverted gamma-rays emitted per
100 disintegrations. Where an absolute abundance has
not been determined, often the relative unconverted
gamma-ray abundances have been measured. These are
tabulated as y1/v2/v3=2/1/5, for example.

Internal conversion coefficients. These are given for
each gamma-transition as the ratio of the number of
conversion electrons emitted to the number of uncon-
verted gamma-quanta emitted, and are expressed as
e/v. Where conversion coefficients for individual elec-
tron shells have been determined, they are denoted as
ex/7, e1/v, etc.

Conversion coefficient ratios. Where the ratios of in-
ternal conversion coefficients in several electron shells
have been measured, they are listed as K/L, L/M,
K/L+M, K/L/M, Ly/L11/ L1, etc.

Gamma-rays associated with short-lived isomers have
been listed as entries both of the isomer and of its
parent.

When an author states that gamma-radiation is

present, but reports no energy determination, this
is indicated by the symbol “y.” Conversely, when
attempts to find gamma-radiation have failed, this has
been indicated by “no v.”

471

X-rays have been mentioned only when they are the
prominent radiation observed in measuring an activity,
or when the observation and identification of x-rays
has been crucial in the characterization of an isotope.

The symbols used to describe the methods employed
for the determination of gamma-ray energies or for the
elucidation of decay schemes are as follows:

spect Secondary electrons observed with mag-
netic spectrograph or spectrometer

spect conv  Internal conversion electrons observed with
magnetic spectrograph or spectrometer

scint spect Measurement of pulses produced by a

scintillating crystal or solution
Direct measurement by diffraction of
gamma-rays with a bent crystal spec-
trometer .

cryst spect

abs Absorption of the gamma-rays

abs conv  Absorption of internal conversion electrons

abs sec Absorption of secondary electrons

coinc Studies of coincidences or lack of coin-
cidences (y—v, y-conv, conv-conv, 8—v,
etc.) with coincidence counters, and, in
some cases, spectrometers

coinc abs  Coincidence studies using absorber tech-

niques

Secondary electrons observed in cloud

chamber with magnetic field

Magnetic analysis of positron-electron

pairs produced by gamma-rays in a thin

radiator

Be—vy—n, D—y—mn, or D—~y—p reactions Measure-
ments of neutron or proton energies from
these reactions

cl ch recoil

pair spect

DISINTEGRATION ENERGY AND SCHEME

The disintegration energy, or Q value, of a nuclear
transformation is defined as the mass difference (ex-
pressed in Mev) between the initial and final systems
under consideration. For radioactive decay processes,
Q is equal to the sum of the particle kinetic energy,
nuclear recoil energy, and the energy of any gamma-
rays necessary to de-excite the final nucleus to its
ground state. For positron decay, the energy equivalent
to 2moc® has been included in the Q value. Where Q
values have been estimated or calculated by the authors
of this compilation, the special reference ‘“HPS” is
used; otherwise, reference is made to the paper from
which the quoted value is taken. In most instances Q
values have been obtained from decay data; where this
is not the case, the method is indicated.

Energy level diagrams have been drawn in many cases;
these are not necessarily complete representations of
the data, but sometimes include only those features
which are reasonably well established and unambiguous.
Heights of the various energy levels above the ground
state are indicated at the side of the drawing. Similarly,
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the total angular momentum (spin) and parity of the
states have been included in some cases, where these
quantum numbers could be inferred with some con-
fidence from determinations of conversion coefficients,
K/ L ratios, ft values, etc. We have relied heavily on the
interpretation of decay data by Goldhaber and Hill
(18GS52).

For 8-, B, @ or EC decay, the percentage figures
given in the decay drawings total 100 percent for each
mode of decay, thus expressing only the relative abun-
dances of various groups within that mode of decay.
(Branching ratios between the several modes of decay
are found in the “Type of Decay” column.) In the case
of gamma-radiation, however, the percentages given
refer to the fraction of the total disintegrations of that
isotope which give rise to the gamma-ray and its con-
version electron. This has been done because of the
difficulty of assigning a gamma-ray to a particular
mode of decay.

Measured values for the mechanical or spin moment
T of stable or long-lived isotopes have also been given
in this column. Except as supplemented by more recent
data, the values given here are taken from the com-
pilation by Mack (87M50).

METHOD OF PRODUCTION AND GENETIC
RELATIONSHIPS

The observed nuclear reactions (giving the target
element, projectile, and outgoing particle, in order) by
which the radioactive isotopes are formed, and the
corresponding references are listed (p-proton, n-neu-
tron, a-alpha-particle, d-deuteron, i-triton, y-gamma-
ray or x-ray, e-electron, mw-pi-meson, C-carbon ion). In
cases in which the target material is not the naturally
occurring element, but one enriched or depleted in a
particular isotope, the isotope responsible for the
reaction is indicated. No means for identifying the
source or energy of the projectile is given.

In nuclear reactions with high energy projectiles,
multiple particle ejection is common. Rather than
attempt to state definitely the path by which the prod-
uct nucleus was reached, these spallation reactions are
briefly represented by the abbreviation “spall’”” followed
by the symbol of the target element. High energy fission
reactions are similarly represented by the words
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“spall-fission,” and thermal or low energy neutron
fission simply by “fission.”

The criterion for listing genetic relationships has been
with few exceptions that these relationships be demon-
strated experimentally; for example, by chemical
“milking” of daughter activities, analysis of growth-
decay curves, or in the case of short-lived isomers, by
delayed coincidence experiments. The listing of these
parent-daughter relationships gives some warning to
the reader as to what he may expect in the way of
radiation from a given isotope, since a sufficiently short-
lived daughter’s radiation will usually be observed with
that of the parent.

A few further abbreviations are listed below:

NNES-PPR  Volumes of the National Nuclear Energy
Series, Plutonium Project Record, Mc-
Graw-Hill Book Company, Inc., New
York

C] Properties listed in brackets have not
been observed directly, but have been
inferred from other experimental data

est, calc Estimated or calculated from theoretical
or empirical considerations

HPS Refers to the authors of this compilation

lim Experimental upper limit

emuls Photographic emulsion

A considerable fraction of the effort necessary to
produce this table consisted of abstracting the litera-
ture and organizing the data over the past few years.
We are greatly indebted to Marjorie Hollander for her
efficacious handling of this work, and in addition for
her preparation of the drawings.

It is a pleasure to acknowledge the generous help and
constructive criticism which we have received from our
friends and colleagues, and to thank many of the authors
whose measurements are cited for their aid in evaluating
data familiar to them. We are especially grateful to Dr.
Gerhart Friedlander for his invaluable assistance in
checking the entire draft.

We would also like to express our appreciation to
Mildred Davis for the speed and accuracy with which
she prepared the manuscript.

The compilation of this table was supported by the
U. S. Atomic Energy Commission.
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Rapid Method for Calculating Log(ft) Values

[From S. A. Moszkowski, Phys. Rev. 82, 35 (1951).]

Figures 1-5 permit the rapid calculation of log(f?) for
a given type of decay, given energy, half-life, etc. The
notation is: E, for 8+ emission is the maximum kinetic
energy of the particles in Mev; E, for K-electron cap-
ture is the disintegration energy in Mev. When a g+
emission and K-electron capture go from and to the
same level, E, for K capture= E, for 8+ emission +1.02
Mev. Z is the atomic number of the initial nucleus, ¢
is the total half-life, and p is the percentage of decay
occurring in the mode under consideration. When no
branching occurs, p=100.

PROCEDURE FOR OBTAINING LOG(FT)

(1) First obtain log(fo), using Fig. 1. E, is read off the
left-hand side of the E; column for K-electron capture,
and off the right-hand side for B* emission. Put a
straight edge over the given values of E, and ¢ and note
where it crosses the column of log(fof) values.

(2) Then read off log(C) from Figs. 2, 3, and 4 for
B, B, and K-electron capture, respectively.

(3) Get A log(ft) from Fig. 5 if < 100. When p =100,
Alog(ft)=0.

(4) Log(/ft)=log(fo!)+10g(C)+ A log(f?).

These graphs have been reproduced with the kind
permission of Dr. Moszkowski. For details concerning
their construction, significance, and range of useful-
ness, reference should be made to the original paper.
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F16. 1. Log(fot) as a function of Ep and ¢.

(Figures 2-5 are on pages 474 and 475.)
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