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Sommaire

Ce fascicule est une introduction a la Table de Radionucléides publiée sur papier et également a sa
version informatisée NUCLEIDE disponible sur CD-Rom. Il inclut une bréve description des processus
physiques de la radioactivité, ’énumération des regles d’évaluation conduisant aux valeurs recommandées,
ainsi qu’un récapitulatif des symboles et des termes utilisés dans les différentes publications.

“Table of RADIONUCLIDES — Introduction”

Summary

This volume is an introduction to the Table of Radionuclides published on paper and also to its
computerized form NUCLEIDE available on CD-Rom. It includes a brief description of the radioactivity
physical processes, the enumeration of the evaluation rules leading to the recommended values, and a

summary of the symbols and terms used in all the publications.
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Zusammenfassung

Dieser Text ist eine Einfiihrung zur Tabelle der Radionuklide, in gedruckter Form ebenso wie zur auf CD-
ROM erhiltlichen elektronischen Ausgabe NUCLEIDE. Er umfasst eine kurze Beschreibung der
physikalischen Prozesse der Radioaktivitdt, eine Auflistung der Auswertungsregeln, die zu den
empfohlenen Werten fithren, und eine Zusammenfassung der in den diversen Verdffentlichungen
verwendeten Symbole und Begriffe.
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Chapter 1

PREFACE

The aim of this Table is to provide carefully evaluated data for radionuclides frequently used
in science and technology. The evaluation is based on presently available experimental data
and, in part, on theoretical consideration and the finally evaluated (and recommended) data
are presented in a clear and easily readable form. This publication is a continuation of the
earlier “Table de Radionucléides” (LMRI, France, 1974-1980), by F. Lagoutine, N. Coursol
and J. Legrand (LMRI, France, 1982-1986).

In order to update the data of the nuclides already present and to add new evaluations, the
Laboratoire National Henri Becquerel (LNHB, France) and the Physikalisch-Technische Bun-
desanstalt (PTB, Germany) established a cooperative agreement; they were then joined by
the Idaho National Engineering & Environmental Laboratory (INEEL, USA), the Lawrence
Berkeley National Laboratory (LBNL, USA) and the Khlopin Radium Institute (KRI, Rus-
sia). This international collaboration is based on an informal agreement, the initial work of
this group was to discuss and to agree on a methodology to be used in these evaluations. This
is described in the chapter “Rules for Evaluation and Compilation”.

In this new version, there are small changes in the presentation following international
recommendations (e.g. use of the standard deviation instead of the uncertainty at the 99,7 %
confidence level which was used before 1986) but the main objectives and contents are the
same.

Over the past years, several volumes of data and comments on how the recommended
data have been obtained were published as CEA Reports [99 TR2] or as BIPM Monographie
[04TRM1, 06TRM2, 08TRM3, 10TRM4, 11TRM5].

New available evaluations of radionuclides are updated on:

http://www.nucleide.org/NucData.htm

Moreover, LNHB developed a software NUCLEIDE [CD NUC] with the objectives of making
it easier to update and add data and, obviously, to offer easy access to the nuclear and atomic
decay data to the user by ”button click” facilities.

Each evaluated radionuclide is presented in a separate section, which can be practical for
users and facilitates updating if new experimental work makes this necessary.

Each section includes:

e a decay scheme with the minimum information required for understanding the involved
processes and levels;

e tables listing the nuclear data and atomic data directly relevant to the main emitted
radiations;

LNE-LNHB/CEA



Table of Radionuclides

tables of intensities for emission of alpha and electron particles and photon radiations
which, in addition to the half-life, are the most useful data from the practical standpoint;

the most important production method(s) and potential radioactive impurities. When
one of these production modes involves activation by thermal neutrons, the cross section
is given;

the references employed with indications of parameters used from each. All references
known by the author concerning a radionuclide have been examined, but only those
employed in the evaluation are listed;

Finally the evaluation date and the author of the evaluation, who can provide any
additional information, are given.

Systeme International (SI) units [81 SI], ISO 31 recommendations [92 ISO] and Guide for
the Expression of Uncertainty in Measurement [93 GUM] are used throughout in this text.

LNE-LNHB/CEA



Chapter 2

SYMBOLS AND NOTATIONS

2.1
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Units

second

minute

hour

day

year (1 a = 365,242198 78 d or 31556 925,26 s)
meter

joule

electronvolt (1 eV = 1,602 176462 (63) x 10719 J)
becquerel (1 Bq = 1 disintegration.s~!)

dose constant (J.Bq~l.s7!)

Particles and quanta

electron

proton

neutron

deuteron

alpha particle

positron from ST decay

electron from G~ decay

gamma quantum, photon emitted when a nucleus turns into a lower energy state
neutrino (7 antineutrino)

internal conversion electron

internal conversion electron, ejected from the K shell
internal conversion electron, ejected from the L shell
Auger electron

K-Auger electron

L-Auger electron

KLL-Auger electron
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KLX
KXY

KLX-Auger electron (X=M,N)

KXY-Auger electron (X=M,N; Y=M,N)

x-ray quantum, photon emitted during the rearrangement of the atomic shells
K X-ray quantum

L X-ray quantum

internal electron-positron pair

gamma photon due to positron annihilation

2.3 Energies

LNE-LNHB/CEA

energy, generally

alpha particle energy

BT particle maximum energy

[~ particle maximum energy

BT particle mean energy

([~ particle mean energy

gamma quanta energy

energy of photons which are not gamma quanta with regard to their origin
recoil energy

energy of a nucleus excited level

binding energy of an electron in the K shell

binding energy of an electron in the L shell

neutron energy

neutrino energy

monoenergetic electron energy

K-Auger electron energy

L-Auger electron energy

K X-ray quanta energy

L X-ray quanta energy

K conversion electron energy

L conversion electron energy

total available energy of alpha disintegration

total available energy of 3'disintegration

total available energy of S~ disintegration

total available energy of electron capture transformation
energies of neutrinos after electron capture in the K shell
energies of neutrinos after electron capture in the L shell
energies of neutrinos after electron capture in the M shell
total energy of a (8 particle including its rest energy
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2.4 Transition probabilities, emission intensities and conver-
sion coefficients

P, transition probability for an alpha transition

Pg transition probability for a beta transition

P, monoenergetic electron emission probability

P. transition probability for an electron capture transition

Px K-shell capture probability for an Electron Capture (EC) transition
Py, L-shell capture probability for an EC transition
Py M-shell capture probability for an EC transition
(Pk +PL+Py+...=1)
P, Total transition probability for a gamma transition including conversion electrons
Py=1,+1I.
I, gamma emission intensity
I conversion electron emission intensity
Loy K conversion electron emission intensity
Iee, L conversion electron emission intensity
Ieey, M conversion electron emission intensity
Ix X ray emission intensity
Ix, K X-ray emission intensity
Ix, L X-ray emission intensity
Ix,, M X-ray emission intensity
Iy Auger electron emission intensity
Iy K-Auger electron emission intensity
Iy, L-Auger electron emission intensity
Ia,, M-Auger electron emission intensity
I4,,, KLL-Auger electron emission intensity
An probability for a given [ transition
Ao probability for an allowed (3 transition
K K-shell internal conversion coeflicient
af, L-shell internal conversion coefficient
o M-shell internal conversion coefficient
oy total internal conversion coefficient (ax + ar +ap + ... = ay)
Qg internal pair creation coefficient

LNE-LNHB/CEA



8 Table of Radionuclides
2.5 Other physical quantities and abbreviations
aK K-Auger yield, ag = 1 — wg
ar, mean L-Auger yield, ar, =1 — &g,
A (1) activity
(2) mass number in 4X , where X is an element
Bk, By, exchange factor in the K shell, L; subshell,...
Ch shape factor of a [ transition
Co shape factor of an allowed ( transition
EO, E1, E2, EL  electric monopole, dipole, quadrupole, 2L-pole
f (1) component of radial functions of the electron
(2) alpha particle collision frequency
fo Fermi integral for an allowed transition
f1, fo,... Fermi integrals for unique 1% forbidden, 2"? forbidden,... transitions
ft comparative half-life
fi2, fis, fo3 probabilities of Coster-Kronig transitions
F hindrance factor
F(t) correction factor for radioactive decay
g (1) coupling constant of weak interactions
(2) components of radial functions of the electron
J quantum number of total angular momentum
K, L,M .. electron shells
K/L ratio leey [Ice, = i /oy,
K/LM ratio IceK/(IceL —I—IceM) = ag/(ap + apy)
K/LMN ratio Ieep /(Iee, + Leey + leen) = ax/(an + apm + an)
KLX/KXY ratio Ta,, « /LAxxy
L orbital angular momentum quantum number
Ly, Lo, Ls L electron subshells
mo electron rest mass
max maximum
min minimum
av average
M atomic mass
My mass of the nucleus
M1, M2, ML magnetic dipole, quadrupole, 2L-pole
nK, NI, mean number of vacancies in the K shell and L shell created during
the disintegration of one nucleus of a given radionuclide
NKrL total number of L vacancies created by K — L transfer, i.e. mean number
of vacancies in the L shell produced by one vacancy in the K shell
N (1) number of neutrons in 4Xy where X is an element
(2) number of radioactive atoms
P penetrability for the potential barrier
R radius of the nucleus

LNE-LNHB/CEA
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Q Q3 >0

0

WK

Wr1, Wr2, WL3
wr,

WM

LNE-LNHB/CEA

radius of the nucleus in units of i/mgc
intrinsic spin

time

radioactive half-life

velocity of the « particle

Coster-Kronig vacancies

atomic number in ’gX ~N where X is an element
ratio 6% = E(L+1)/M(L)

mixing of different multipolarities
transition by electron capture (EC)

decay constant

parity

total neutron capture cross section

2200 m.s~! neutron capture cross section
K-shell fluorescence yield

fluorescence yield in the L1, Lo, L3 subshells
mean L-shell fluorescence yield

mean M-shell fluorescence yield



Chapter 3

DESCRIPTION OF
RADIOACTIVE PROCESSES

3.1

Brief reminder of some definitions

Nuclide: A nuclide is a species of atoms characterized by an atomic number Z (proton

number) and a mass number A (nucleon number).

Radionuclide: A radionuclide is a radioactive nuclide.

Disintegration: A disintegration of an atomic nucleus is the spontaneous transformation

of the nucleus into another one giving rise to a change in the atomic number, or into
two or more nuclei (fission), or, in the case of an isomer, a transition to a lower energy
state of the same nucleus. A disintegration leaves the daughter nucleus in the ground
state or in an excited state ; a de-excitation occurs through one or more v transitions.
While in « decay there is also a change in the mass number, in 3~ or 3% decay and
electron capture decay the mass number remains unchanged.

Transition: A transition is a process in which an atomic nucleus undergoes a transformation

by disintegration or de-excitation.

Isomer: An isomer is a nuclide in an excited state having a non-negligible half-life, liable

to de-excitation by a v transition (isomeric transition, e.g. '“*™Rh), or to any other
transition, such as 3 decay or electron capture (e.g. 10mAg 115m[p),

Transition probability: The transition probability assigned to a specific transition is the

LNE-LNHB/CEA

probability that this transition occurs when one nucleus of this radionuclide disinte-
grates.

The transition probability includes all processes which lead from the initial level to the
final level, where the latter may belong to the daughter nucleus or to the same nucleus.

With respect to different transition types, the transition probability is the probability
of the transformation of a nuclide in a given energy state via the emission of particles
(a, 37, BT) or the capture of electrons from the atomic shell (denoted by € or EC)
into a specific state of their daughter nuclei (excited state or ground state) or wvia the
emission of gamma photons and conversion electrons into a lower energy state of nuclei
of the same nuclide.
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According to its above definition the probability of a transition has a value between
0 and 1. A radionuclide may decay by one type of transitions only or it may have
branches of different types (for example EC and 37). In each case the sum of the
transition probabilities of all branches to the daughter nuclide(s) is exactly 1.

Emission intensity: The emission intensity assigned to the particles or quanta (specified

by type and energy) emitted by a radionuclide is the mean number of particles or quanta
emitted per disintegration of one nucleus. The emission intensities are generally related
to 100 nuclear transformations of the studied nuclide.

For X-rays, Auger electrons and v emissions due to positron annihilation, the emission
intensity may exceed 1 due to the following reasons:

— vacancies in the K-shell and other shells can be produced by EC transitions as well
as by inner conversion of - -transitions;

— the number of vacancies in the L(M) shell, created by one vacancy in the K(L)
shell can be larger than 1;

— two photons are emitted per one emitted positron.

For these reasons, in the tables, the notation “number of electrons (or photons or alpha)
per disintegration” are used throughout.

The following relationships state between transition probabilities and emission intensi-
ties:

— an « transition probability is equal to the mean number of a particles emitted per
disintegration (or a emission intensity);

— a (8 transition probability is equal to the mean number of § particles emitted per
disintegration (or [ emission intensity);

— an EC transition probability is composed by the contributions of capture processes
in the K, L, M, ... shells. It is related to the emission intensities for X rays and
Auger electrons via fluorescence yields and other atomic shell data;

— a « transition probability is the sum of the mean number of photons (or pho-
ton emission intensity) and conversion electrons (or conversion electron emission
intensity) from different shells (K, L, M, ...) emitted per disintegration.

Energy of disintegration: The energy of disintegration is the available energy from the

ground state (plus energy of the excited level in the case of isomers) of the parent to
the final state of the daughter (in most cases the ground state level). It corresponds to
the difference in atomic masses between these levels.

Activity: The activity, A, of an amount of radioactive nuclide in a particular energy state

LNE-LNHB/CEA

at a given time is the quotient of dIN by dt, where dN is the expected value of the
number of spontaneous nuclear transitions from that energy state in the time interval

dt: IN
A= — 3.1
pr (3.1)

(Definition according to the International Commission on Radiation Units and Mea-
surements (ICRU) [11ICRU]. The “particular energy state” is the ground state of the
nuclide unless otherwise specified, e.g. in the case of isomers.
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The special name for the unit of activity is becquerel (Bq), 1 Bq = one disintegration
per second.

The old unit of activity, the curie (Ci), is still used in some medical circles; its value is
1 Ci = 37 x 10? Bq.

Radioactive decay: The radioactive decay is the decrease, with time, of the activity of a

LNE-LNHB/CEA

radioactive substance by spontaneous nuclear transformations. It is expressed by the
equations:

dN
N = Nge™™ (3.3)
A= Age ™M (3.4)

where IV is the number of atoms of the corresponding radionuclide consisting of nuclei
being in the same energy state at time ¢, Ny is the number of such atoms at time ¢ = 0
and A is the decay constant. Analogously, A and Ay are the activity of the radioactive
source or substance at time ¢ and at time ¢ = 0. When several nuclear transformation
modes are in competition with partial decay constants \; (e.g. '''™Ag, 58Co, '86Re,
etc.), the decay constant A is written:

A\ = Z)‘i (3.5)

The half-life T} 5 is the time required for the initial number of atomic nuclei, in a given
state, to decrease by a factor of two.
In 2

Lipp=—~ (3.6)

The mean life or expected life-time ¢ = 1/ is frequently employed.

Remark: in practice, we advise against using the expression “partial half-life” defined
by (Ti/2)i = In 2/X;, which has no practical meaning.

One such example is 252Cf, with a half-life of 2,6 years, which can disintegrate by o
emission or by spontaneous fission and, which therefore has two partial decay constants
Ao and Ap. Then:

A=A+ AR (3.7)

The activity of a source of 252Cf is given by equations (3.2) and (3.4). The « emission
rate is Ao /N and that of spontaneous fission is AN, each of these rates decreasing with
e~ and not with e *et or e *F*, Then:

In 2
Tye = ot (3.8)
Ti/9)a X (T
Ty = (T1y2)a X (T12)F (3.9)

(Th/2)a + (T1)2)F

The decay constants and half-lives are, in principle, independent of extranuclear con-
ditions. In fact, radioactivity is not a purely nuclear phenomenon [73Cr B|. Changes
occurring in the environment, more precisely in the electrons of the external shells, can
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cause decay constant variations [72Em G|. The different types of nuclear transformation
able to give rise to observable changes are those in which the orbital electrons contribute
directly to the nuclear transformation.

In the case of "Be, which disintegrates by electron capture, differences, A\/\, greater
than 1072 have been observed between various chemical compounds. In the case of
99mTPe partly de-excited by a strongly converted v transition of 2,17 keV, differences
of the order of 0,3 x 10~3 have also been observed.

3.2 Disintegration modes

Only a, 3, BT and € (electron capture) decays are examined here. The other existing modes
of disintegration, such as spontaneous fission, proton emission and delayed neutron emission,
will be examined later, if necessary, in an appendix.

Nuclei of a given radionuclide can disintegrate via a single transition mode, for example
by 6~ disintegration only or via several transition modes which are in competition with each
other, such as 31 and electron capture or 3~ and a.

Isomers can de-excite or undergo radioactive disintegration (e.g. M0mAg, 115m]p),

3.2.1 « decay

A nucleus with atomic number Z and mass number A disintegrates by emitting an « particle,
and giving a nucleus with atomic number Z — 2 and mass number A — 4;

Xy — éigYNﬁ + 3Hey
The created nucleus may be in an excited energy state F;.
Hence the o disintegration energy is:

Qo =FE., +E;+ E,, (3.10)

where E,, is the energy of the emitted « particle, constant for a given transition, and E,, the
recoil energy:
M,
E, = e
MN + Ma
with Mpy: mass of the recoiling daughter nucleus and M,: mass of the a-particle.
Using (3.10) and (3.11):

[Qa - E} (3.11)

(3.12)

Probability of o decay

This is determined by means of the theory of the one-body model. When an « particle moves

within a spherical nucleus and is held there by the Coulomb potential barrier, a certain

probability exists that the a particle will escape from the nucleus, although the potential

energy represented by the height of the barrier is greater than its kinetic energy (tunneling).
The decay constant for a given « transition is expressed by:

A=fP=2P (3.13)

LNE-LNHB/CEA



14 Table of Radionuclides

where:
f ¢ collision frequency of the o particle within the potential well,
Vo : velocity of the o particle within this potential well,
R : radius of the nucleus,
P penetrability of the potential barrier.

P is a function of the atomic number, the mass number, the radius of the nucleus, and
the characteristics of the potential barrier.

The « transitions of even-even nuclei from ground state to ground state have the highest
decay constants. They are adequately described by theoretical expressions based on (3.12),
or by the following equation which is derived from (3.12), for a given atomic number:

g (T1y2)i = AQ™'? + B (3.14)
where:
(Ty /2)2’ :  partial half-life of the transition,
Q :  total energy available for this transition,
Aand B : constants calculated on the basis of experimental values of )

and transition probabilities from ground state to ground state.

The theory of the one-body model completely ignores the probability of preformation of
the « particle, as well as the effect of the angular momentum carried off by the « particle on
the penetrability of the potential barrier. This means that the experimental values of partial
half-lives other than those of even-even nucleus transitions from ground state to ground
state, are generally greater than calculated values. They are hindered at various degrees
[64Hy E, 68Ra J].

Hindrance factor

The hindrance factor F' for a given « transition is defined by the ratio:

(T1)2)i eap

F =
(T1)2)ith

(3.15)
where:

(T'/2)i exp: experimental partial half-life calculated from the value of the transition prob-
ability of the quoted « transition;

(T /2)i tn: theoretical partial half-life.

All even-even nucleus transitions from ground state to ground state have, by definition,
F=1

Partial half-lives (7} /)¢ can be calculated by means of a selected theory of a decay
[60Mi H], or derived from equation (3.13). In this case, the A and B constants for even-odd
or odd-odd nuclei are derived by interpolation of the adjacent values of even-even nuclei.

For the even-even nucleus « transitions to excited levels, the hindrance factor which is
caused, for the initial levels, by the angular momentum carried off by the a particle, slowly
and steadily increases with the energy of the excited level (e.g. 2°Ra, F ~ 5 for the second
excited level).

Some transitions of even-odd and odd-odd nuclei, which generally do not go towards the
ground state, exhibit a low hindrance factor. They are called “favored” (e.g. 2*'Am) and

LNE-LNHB/CEA
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frequently correspond to a transition between initial and final states with identical spins and
parities.

3.2.2 [ decay

During a 3 decay, the mass number A remains unchanged and the atomic number Z varies
by one unit.

[~ decay: an electron and an anti-neutrino are emitted, resulting from the transformation
of a nucleus neutron to a proton.

IX— 4Y+B8 +v
n—p+6 +v

The energy of a 8~ transition, corresponding to the maximum [-energy emitted, and
ignoring the recoil energy, is:

Eﬂfma:c = Q_ - E;
where @Q7: energy of disintegration, equal to the difference in atomic masses between the

ground states of the parent and daughter, and E;: energy of the level to which the decay
occurs.

B decay, the process is described similarly:

ZX— Y+ BT +v
p—nt G4y
Egtmaz = QT — 2moc® — E; (3.16)
where QT: energy of disintegration, with

2moc? = 1,021 998 MeV

mo being the electron mass at rest.

A BT disintegration can occur, if:
QT — E; > 2mpc? (3.17)
Mean energy: the energy of a 3 transition is shared between the electron and the neutrino

with a continuous distribution for the two particles extending from 0 up to Egmaq-
If N(E)dFE is the number of [ particles with energy between E and E + dE, the mean

energy is written:
— Eﬁmﬂfﬂ Eﬂmaz
E :/ E N(FE) dE // N(E) dE (3.18)
0 0

LNE-LNHB/CEA



16 Table of Radionuclides

Probability of 5 decay

The (8 decay is governed by the laws of weak interaction between the electron-neutrino pair
and the nucleus and incorporates a very low coupling constant g = 1,41 x 10756 J.cm?.

The probability per unit time for an atomic nucleus to decay by a given [ transition is
[66Sc H, 66Ko EJ, in natural units (A = mg =c = 1):

Wo
Ap = N(W) dW (3.19)
1
¢ Wo
An=53 W(W?2 = 1)Y2(Wo = W)2F(Z,W) Lo(Z,W) (1 + 65(Z,W)) Cp dW (3.20)
™ J1
where:
n . order of forbiddenness of the transition

N(W)dW : number of § particles emitted per unit time with energy
between W and W + dW

F(Z,W) : Fermi function

Lo(Z,W) : screening correction

dr(Z,W) : radiative corrections

Ch :  shape factor

Z : atomic number of the daughter

W :  normalized total energy of the 3 particle
W=14+F / mo

Wo :  maximum normalized total energy of the § particle

W() =1 + Eﬁimw/mo

The term W(W? — 1)1/2 (W, — W)? is the statistical factor determining the distribution
of energy between the electron and the neutrino.

The Fermi function F(Z, W) and the term Lo(Z, W) take into account the perturbation
of the electron wave function by the electric field of the nucleus. This Coulomb interaction

causes at low spectral energies an enrichment of electrons and a depletion of positrons (Figure
3.1).

N(E) N(E)

E E
Figure 3.1: Examples of the typical 8~ (left) and 3 (right) spectra of an allowed transition.

The term (1 + 0g(Z,W)) takes into account the radiative corrections; for example the
emission of photons due to internal bremsstrahlung during the decay.
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The shape factor may be deduced from the transition characteristics (nuclear matrix
elements, etc.).

Extensive compilation of experimental shape factors can be found in [76Be H].

Descriptions of the theoretical calculations for allowed and unique forbidden transitions
can be found in [11Mo X].

Types of transitions and selection criteria

The initial and final nuclear states have well-defined total angular momenta with quantum
numbers J; and J;. The electron-neutrino pair can carry off an orbital angular momentum
with quantum number Lg, as well as an intrinsic spin Sz which can be: 1, —1 or 0. The
conservation of the total angular momentum requires that:

Ji=Js+Lg+ Sp (3.21)
AJ = J;—Jy (3.22)

as well as the parity relationship:
mpm = (—1)ks (3.23)

The transitions in which Lg = 0 are called allowed, those in which Lg = n are called forbidden
to the n" order.
From this, selection criteria can be derived:

Classification of g-transition types

Type Order of AJ T
forbiddenness
Super-allowed 0 +1
Allowed 0,+1 +1
Forbidden unique 1 +2 -1
2 +3 +1
3 +4 -1
4 +5 +1

(AJ-1)nth | >1 | (=1)&/=D

Forbidden 1 0, £1 -1
(non-unique) 2 +2 +1
3 +3 -1
4 +4 +1

(AJ) nth > 1 (1)

For an allowed transition, the shape factor Cy is independent of the energy and, in this
case, the probability Ay of the transition is:

2
Ao = % fo(Z,Wo) Cy (3.24)
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18 Table of Radionuclides

where:
Wo

fo(Z,Wp) = 1 WW?2—-1)Y2 (Wy—W)? F(Z,W) dW (3.25)

is the Fermi integral.

For unique forbidden transitions, the shape factor may be evaluated as a function of the
energy. For non-unique forbidden transitions, it cannot be evaluated, because some matrix
elements are unknown.

Comparative half-life, lg ft

In order to obtain information on the shape factor, and on level spins and parities, and to
make a rough classification of 3 transitions as a function of the forbiddenness degree, it is of
great interest to calculate the comparative half-lives, ft, with:

t‘_Tl/Q _ln 2

;= = 2
P, Bi Ai (3 6)
where:
Iy : half-life in seconds,
Pg, : probability of the transition,
A and t; : probability and “partial half-life” of the transition respectively.
For an allowed transition:
using (3.23) and (3.25)
273 In 2
t= 3.27
Jo 7 Co (3.27)
For forbidden transitions: [66Sc H]
273 In 2
fnt = e (3.28)
with:
Wo Cn
fn = WW?2 - 1)Y2 (Wy—W)? F(Z,W) 7 AW (3.29)
1

where 7n? is a combination of nuclear matrix elements.

The function f,, can only be calculated for unique transitions. However, for non-unique
forbidden transitions, it is accepted that C,, ~ Cy to determine experimental values of ft.

In view of the extremely wide variety of the ft values, it is preferable to calculate and
tabulate lg ft rather than ft [72Go NJ, as lg ft varies by about 3 for so-called super-allowed
transitions, and increases with the order of forbiddenness up to a value above 20 for fourth-
forbidden transitions.

(3 transitions are distributed as a function of lg ft as follows [73Ra S, 98Si BJ:

Type of transition lg ft

Super-allowed 3,48-3,5
Allowed 3,5-12,5
First-forbidden 5,1-17

Second-forbidden 11-15,5
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Type of transition lg ft
Unique first-forbidden 8,5-11,7 (Ig fit)
Unique second-forbidden 12,8-19
Forbiddenness greater than second > 17,6

3.2.3 Electron capture decay

In this process, an orbital electron is captured by the nucleus:

AX — 4 Y+
pt+te —n—+v

A proton is transformed into a neutron and the atomic number decreases by one unit.
The capture is accompanied by the emission of a monoenergetic neutrino, with energy ¢, (x

=K, L, M, etc. ):
4@ =Q" —Ei —E, (3.30)
where:
Q" :  energy of disintegration corresponding to the difference in atomic
masses between parent and daughter ground states,
E; . energy of the nuclear level towards which the electron capture occurs,
E, :  binding energy of the electron in the X shell (or the subshell)
in the daughter atom,
QT — E; : transition energy.

The energy condition determining whether capture can occur in the X shell is:
QT -E > E, (3.31)

furthermore, if:

Qt —E; > E, (3.32)

the electron capture is far more probable in the K shell than in the other shells. Moreover, if:
Q" — E; > 2myc? (3.33)

the 31 emission is in competition with the electron capture. For an electron capture transition,
designated by e, with a probability P, , the relative capture probabilities are:

PK—I—PL+PM—|—PN—|—---:1 (3.34)

Recoil energy: this is obtained from the laws of momentum and energy conservation as

2
B =L

= Sy &2 (3.35)

where Mpy: mass of the nucleus.
It is generally ignored, except for “Be, where E, = 57 eV.
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Probability for a transition by electron capture

Electron capture is a weak interaction process to which the (-disintegration theory can be
applied directly.
Allowed transitions: according to theory, the probability for capture per unit time in
the K shell is given by the expression [60Bo R, 63Ba J]:
2 2
g~ |Moa
Ak = ’42’ Q% g%{ By (3.36)
T
The capture probabilities in the subshells I; and Lo are given by identical expressions, in
which q%( is replaced by q%l or q%2, g% by 91%1 or ng and By by Bp, or Br,. Capture in the
L3 subshell is negligible for allowed transitions.

| Mo 1]? nuclear matrix element,

4K, 9L, 9L, :  neutrino energies,

f,g : components of the electron radial wave functions,
Bk, Br,, Br, : exchange factors.

Except for the By factor, expression (3.36) is identical to that given for the [ disinte-
gration probability, the statistical factor being reduced to g q%( g%(.

The exchange factor B, which takes into account atomic influences on the capture proba-
bility, incorporates two effects: the incomplete recovery of initial and final atomic states due
to the charge change in the nucleus, and the exchange effect itself, since the capture in a
shell can be achieved by several processes which are not experimentally distinguishable. For
instance, a L; vacancy can be obtained mainly by direct capture of an L; electron, but also
by K capture with simultaneous exchange of L; and K electrons, or by capture of an My
electron with simultaneous exchange of M; and L; electrons.

These two effects, recovery and exchange, have opposite signs and partially counteract
each other. The recovery effect predominates for low atomic numbers, and the exchange
effect for high atomic numbers.

The capture probabilities Px, Pr, Pr,,... are normally calculated by means of the ratios:
P, P, P
Lk e (3.37)
Pk Pk Pr,
P, 9%, % w1k /k _ BL
IR A § 1/ with xXL/K — 2 (3.38)
Pk 9k 9K Bk
Pr, _ fgz q%2 Br, L%Z B, (3.39)
Pr, gj%l Q%l Br, 91%1 Br,
97 7
The ratios % and % have been calculated by several authors [69Su Y, 69Be H, 70Ma M]
9x 91,

together with exchange factors [70Su Y, 70Fa J, 70Va E].
The capture probabilities in the M shell are determined similarly to those in the K and L

shells by means of the ratios:
Py Py Pp,

P, Pr, Pp

(3.40)
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P
where —2* is deduced from (3.37) and (3.39), moreover:

L
P P P,
M _ DMy P (3.41)
PL1 PL1 PM1
P 2 2 2
v 9 |y T | (3.42)
PLl ng qu ng
with X/ = B
Br,

Captures in the M3, My, M5 subshells are assumed to be negligible.
More general expressions including captures in the lower shells may be written [7T0Ma M]:

Pyn  Pun Pr,

— 3.43

Py, P, P (343)

Pun _ P 1+PM2+PN1+PN2+... (3.44)
Pr, Pr, P,

Unique forbidden transitions: the capture probability in the K shell is written [60Bo R,

70Ma M]:
2 2 2(AJ—1)
9° [May|” (gx T0) )
A = B 4
K 12 [(2AT — 1) 12 4k 9k PK (3.45)
where 7¢: nucleus radius in units of i/myc.
n=AJ—-1 AJ=23,... wp/m=(-1)" (3.46)

The capture probabilities in the L; and Lo subshells are identically obtained and the
contribution due to the capture in the L3 subshell must be added. They are determined by
means of the following ratios:

P P P Pr.
b _ P 1 Py (3.47)
Px Pk Pr, P,
Pr, _ 3(AJ—1)(2AJ —1) 97, B, (3.48)
PL1 (qu TO)Q 9%1 BLI
& ~ 9%1 q%lAJ XLI/K 14+ fgz BL2 + 3(AJ — 1)(2AJ — 1) 9%3 BL3 (3.49)
Pr g% 387 97, Br, (qz, 70)? 9%, Br,

lg ft: the comparative half-lives for electron capture transitions are calculated similarly
to those of § transitions [72Go NJ.
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3.2.4 ¢/(3" ratio

For nuclides decaying by electron capture and ST disintegration, when the electron capture is
in competition with the §emission, the ratio of probabilities Pe/Pg+, or more simply /3%,
is written:

€ €
§:@J&+&+m+m] (3.50)
€ 6PK PL PM

The terms in square brackets may be calculated by equations (3.37) to (3.49).
Let ¢ Pk = ex; ;—Ii is given by:

€K _ T 4k 9i B (3.52)
gt 2 fo
for an allowed transition;
ex _ ™ a4’ gk Bi (3.53)
Bt 2 fasa

for a unique forbidden transition.

3.3 v transitions

A ~ transition occurs when a nucleus is de-excited towards a lower energy level that may or
may not, be the ground state. This leads to the emission of a v photon or to the ejection of
an electron from the electronic shells, which is called a conversion electron, and very rarely,
when energy conditions make it possible, of an electron-positron pair.

The ~ transition probability is:

Py=1 + Ipe + 2 (3.54)

where I, I.. and I .+ are the v emission, conversion electron emission and electron-positron
pair emission intensities, respectively.

3.3.1 v photon emission

The energy of the emitted v photon is:

E, = (E - Ef) ~ E, (3.55)

where E; — Ey: energy difference between the initial and the final level of the v transition,
E,.: recoil energy of the nucleus in its final state, given by:

E 2
Er — ( ’Y)
2M N 02
Mp: mass of the recoiling daughter nucleus.

The recoil energy is negligible, except for high + energies and low atomic numbers. For
example, for the 1369 keV v emission of ?*Na, E, = 42 eV.

(3.56)
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3.3.2 Internal conversion

The de-excitation energy of the nucleus can also be transferred directly to an X-shell electron
(X =K, L, M ...) which is ejected from the atom, carrying off the energy:

Eeey = Ey— Ex (3.57)
where E'x: binding energy of the electron in the X shell.

Internal conversion coefficients:
For a given transition, the internal conversion coefficient of the electron in the K shell is

defined by:
1,
ag =~ (3.58)
I
where I.., and I, are the K conversion electron emission and 7 emission intensities, respec-
tively.
The following quantities are similarly defined:
I Iee,
ap =L ap =2 (=1, 2, 3) (3.59)
I, L
with af, = ar, + ar, + ar,
Leey, ,
aMi = TZ (’L = 1, 2, 3, 4, 5) (360)
¥

The total conversion coeflicient is:

~

Y

I is the total conversion electron emission intensity for the related transition.
This leads to the following relations, neglecting P, :

o [ P, _ax
_1+Oét 9 W_l—i—ozt’ CeX_l-FOQg

Ie P, (X=KLM..) (3.62)

The K/L, K/LM, K/LM..., ratios are also employed and are defined as follows:

K_IceK_ai

— = = 3.63
L IceL Qaj, ( )
K I
= teex . OK (3.64)
LM IceL —I—IceM ay, + o
K 1
= cox = oK (3.65)
LM ... IceL‘i‘IceM‘i‘-u ar +op + ...

Internal conversion depends on the initial state of the electron (atomic shell or subshell),
on the atomic number Z and on the nuclear transition multipolarity. It increases with mul-
tipolarity and decreases with increasing v energy, becoming negligible for high energies.
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Internal conversion is influenced by the finite size of the nucleus in relation with two
processes: a static owing to the finite distribution of nuclear charge, and a dynamic one
(penetration process) which expresses the non-zero conversion probability within the nuclear
volume. This penetration effect can become significant only in some specific cases such as: ~
transition with high hindrance, heavy nuclei, etc.

3.3.3 Internal pair creation

This process is possible only if the transition energy is greater than 2mgc? = 1,022 MeV,
with the electron-positron pair carrying off the energy:

E (e*) = E, — 2mqc? (3.66)

in accordance with a distribution extending from 0 to E (e*) for each of the two particles
(e.g. decay of the first excited level of 2’Na).
The internal pair creation coefficient is defined by:

_ Nex

N (3.67)

Qg
where N, + is the number of created electron-positron pairs and N, the number of emitted
photons. The internal pair creation coefficient increases with increase of « transition energy
[68Wi R].

o is typically of the order of 1074 — 1073.

3.3.4 Multipolarity

Quantum theory permits a classification of + transitions into multiple order transitions. This
order is a function of the orbital angular momentum, of quantum number L, carried off by
the photon during the transition. If L = 0, the transition is called monopole, L = 1 dipole,
L = 2 quadrupole, etc.

If J; and J; are the total angular momenta quantum numbers of the initial and final
levels of the ~ transition, the vectorial relationship between the angular momenta imposes
the relation:

|J; = Jf| < L < |J; + Jy| (3.68)

Because of the strong dependence of the - transition probability with L, the v transition
probability decreases rapidly when L increases.

More often, L = |J; — Jf| can be in competition with L = |J; — J¢| + 1 and, more rarely
with L = |J; — J¢| + 2. Moreover, the angular momentum carried off by the photon cannot
be zero. Consequently, a 0 — 0 transition cannot occur except by internal conversion or by
internal pair creation.

Furthermore, v radiation is divided into “electric” and “magnetic” radiations.

For “electric” radiation, i.e. emitted by the oscillation of electrical charges, the parity
change is (—1)%.

For “magnetic” radiation, caused by the magnetic moment of the nucleus, the parity
change is (—1)(Z+1),

A ~ transition can be a mixture of two (or more rarely three) multipole transitions. In
order to conserve parity, two transitions in competition will have the multiple order 2 and

2L+1 one electric and the other one magnetic, or inversely (e.g. mixture of M1 + E2).
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Expression (3.68) implies that a transition with:
e J; = J; =1/2 is necessarily pure E1 or M1 ;

e Jjor Jy =0, L has only one possible value, i.e. the multipole character of the transition
is pure £y, or Mj,. For example, generally even-even nuclei have a Jy = 0 ground state
level, then the occurring transition has a pure multipolarity character.

Note also that for a J; = J; transition without parity change, a monopole transition EO
can be in competition with the mixture M1 4+ E2.
The classification of « transitions and their possible mixtures is established as follows:

L =\|J;— Jy| m/m o= —1 m/m o= +1
Possible Possible

Transition mixture | Transition mixture

0(0—0) Forbidden Forbidden

0(1/2—1/2) E1l M1

0(1—1) E1l M2 M1 E2

1 E1l M2 M1 E2

2 M2 E3 E2 M3

3 E3 M4 M3 E4

4 M4 E5 E4 M5

even L ML EL

(Ji or Jp =0)

odd L EL ML

(Ji or Jp =0)

The mixture is characterized, e.g. y%M1 + x%E2, by 62 = E2/M1 which is the ratio of
the probability of the E2 transition to that of the M1 transition [53Bi L.
Then, x = 10042/(1 + §2) and y = 100/(1 + §2)

3.3.5 Mean life times of excited levels

The mean life times of ~ transitions are a function of the energy, the atomic number and
the multipolarity. They range from 107! second to several years for certain M4 and E5 low
energy transitions.

On the basis of the simple theory of the shell model, Weisskopf [51We V] calculated the
probability A per unit time (transition rate) for each type of transition. The mean life time
7 = 1/X decreases with (E,)?LFL,

Moreover, for the same energy and atomic number, and the same multipole order, we have
the relationship:

Telee g 42/3 (3.69)

Tmagn
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In fact, owing to the simplicity of the adopted model, the experimental values deviate
substantially from calculated values in most cases. However, in view of the cumulative results
[66Go NJ, it may be considered that if:

<0,1 the transition is not M1
< 1,0 the transition is not M2
< 0,1 the transition is not M3
4) < 0,033 the transition is not M4
1/2)cat) B1 (E1) < 100 the transition is not E1
) < 0,001 the transition is not E2
) < 0,01 the transition is not E3

3.4 Secondary phenomena accompanying nuclear transforma-
tions

Transitions are always accompanied by secondary effects of low probability which can be
theoretically predicted and calculated, and which appear as emission of electrons and photons.
These secondary effects are frequently masked by the main radiations or by effects induced
by radiations (e.g. Compton effect), making them difficult to measure.

3.4.1 Internal bremsstrahlung accompanying (3 disintegration

After its emission, an electron can be slowed down in the field of the nucleus, and the brems-
strahlung energy appears in the form of a photon [68Pe B]. (This internal bremsstrahlung
must be distinguished from the external bremsstrahlung occurring in the absorbent medium).
The transition energy is distributed between the electron, the neutrino and the internal
bremsstrahlung photon:

Eﬂmax = E/g + E, + Eph (3.70)

The spectral distribution reveals a significant decrease in bremsstrahlung photons with
their energy. The ratio of the emission probabilities for photons and (3 particles is expressed

by:
P 4 1
Sph 2% (3.71)
Pz 37 lg(2 Wo—()
where:

a = 1/137,035999074 (44), fine structure constant [10Mo P]

Wy : maximum energy in mqc? units

¢ :  constant between 2,20 and 2,35 depending on the transition type

For 3°S and 32P, this ratio is 2 x 1075 and 2 x 1073 respectively. Theoretical and experi-
mental values agree to within 20 %.

3.4.2 Internal bremsstrahlung accompanying electron capture

The origin of this photon radiation is the same as that accompanying /3 disintegration [68Zy J].
The available energy Egpa, = (@ — Ek for a capture in the K shell is shared between the

LNE-LNHB/CEA



Introduction 27

neutrino and the bremsstrahlung photon.

As there are no external bremsstrahlung, this process is fairly easy to analyze, and theo-
retical and experimental results agree within less than 15 %.

The analysis of the spectrum is of great interest as it permits direct determination of the
transition energy Q. The maximum energy FEgpqgz, is obtained from a plot [40Mo P]:

1/2
(*5) " =C B - B) (372)

where N(FE) is the number of bremsstrahlung photons with energy F and C' is a constant.
The ratio of the number of emitted internal bremsstrahlung quanta and the number of
K-capture events is given by [73Sp AJ:

Nph —4 Eﬁmaz 2
Zrh— 9% 10 Z 3.73
210 () (z) (373)

where f(Z) decreases from 0,9 to 0,3 when Z increases from 4 to 68.
For ®°Fe, this ratio is 3 x 1075,

3.4.3 Internal ionization and excitation accompanying $ decay

This process is attributed to the sudden change in the nuclear charge during 5 decay [72Sh S].
In internal ionization, it appears by the simultaneous emission of a § particle, a neutrino and
an atomic shell electron, with the following energy relationship:

Epmaz = Eg + E, + Ee + Ex (3.74)
where:
Esmaz :  maximum [S-transition energy
Eg, E,, E. : energies of the three emitted particles
Ex :  binding energy of the shell (or subshell) from which the

electron is emitted

The internal excitation is produced by the electron transition to an unoccupied state of a
less bound shell.

The ionization and internal excitation in the K shell are best known. They are accom-
panied by the creation of a vacancy; the resulting emission of a Xi photon or a K-Auger
electron makes the phenomenon measurable.

The internal ionization probability in the K shell is roughly proportional to Z~2, going
from 3 x 1073 for 3?P to 1 x 10~ for 2°4T1. Theoretical and experimental results agree within
about 15 %.

3.4.4 Internal ionization and excitation accompanying electron capture

When an atom disintegrates by electron capture in the K shell, a double vacancy can be cre-
ated [53Pr H, 695t P]. The second electron can be ejected from the atom (internal ionization
or shake-off) or can undergo a transition to an unoccupied state of a less bound shell (internal
excitation or shake-in). The process occurs before the rearrangement of the orbital electrons.
In the case of internal ionization, the transition energy, decreased by the binding energy, is
shared between the neutrino and the ejected electron.
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The probability Pgx for the formation of a double K-shell vacancy is of the order of
0,18 Z—2, while that for the electron ejection is of the order of 0,08 Z2.

In the case of ?Fe, the total probability for double vacancies in the K shell was measured
to be 1,3 x 107 [91Ca J].

3.4.5 Other processes

It is also worth mentioning the secondary phenomena of very low probability occurring dur-
ing a 7 transition [68Le H] such as the creation of monoenergetic positron, double photon
emission, double -e emission, double internal conversion.

3.5 Electron rearrangement

Electron capture and internal conversion (as well as the ionization and internal excitation
which can be ignored in the following considerations) are processes giving rise to vacancies
in the electron cloud. The filling of a vacancy is accompanied by the emission of an X-ray
or an Auger electron, creating new vacancies in the less bound shells. The initial vacancy is
thus transferred by cascade to the peripheral shell. The energy liberated corresponds to the
binding energy of the electron in the shell in which the initial vacancy was produced.

3.5.1 K shell
Vacancies in the K shell

The probability for K vacancies created during an electron capture transition with probability
P, is P, Px (Pxk: probability for the formation of a vacancy in the K shell).

The probability for K vacancies created during an electron conversion process of a -~y
oK

transition with the probability P, is: P, Tra
827

For a given radionuclide, the total number of K vacancies created, following one disinte-
gration of the initial nuclide, and taking account of all transitions, is:

a
nKg = ZPG Py + ZPH 1 —i—Kat (3.75)

K-shell fluorescence yield

The K shell has no subshells. The K-shell fluorescence yield wg is the probability that the
filling of a vacancy in the K shell is accompanied by a Xk radiation, 0 < wg < 1.

NX g _ IXK
nx, +na,  Ixe +1ag

WK = (3.76)
where:

nx, : number of Xx photons

na, : number of K-Auger electrons

Ix, : emission intensity for Xk photons

14, : emission intensity for K-Auger electrons

The K-Auger yield is derived from the fluorescence yield:
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ag =1 —wg (3.77)

As well as the number of Xk photons and Auger electrons is:

IXK :WK(IXK+IAK) = WK NK (3.78)
IAK :aK(IXK—i—IAK):aKnK (3.79)

The fluorescence yield wx depends exclusively on the atomic number Z, except for low
values of Z, where it may be influenced by the chemical state.
wg < 1 for low atomic numbers. It approaches 1 for high atomic numbers.

K X-rays
The K X-ray energy emitted for a K-X transition (X= L, M, N ...) is written as:

Ex, = Ex — Ex (3.80)

where Ex and Ex are the binding energies of the electrons in the K and X shells respectively.
Consequently, the energy of the K X-rays is perfectly defined. They are usually classified
by series, consisting of the following rays:

KOCQ K—L2
Ka { Koy K-Ls

(K33 K-—M,
, KB K—=M;
K6 KB,  K-M,
KB, K-M;
( KB,  K—N,
K 2
K'4, 62{ Kf  K-N
KB, Kpy KNy
K3, K-N;

Transitions KL;, KM, KN; are forbidden.

For Z > 49, it is necessary to take the KOs and KO3 rays into account.

The emission probability for specific groups of K X-rays can be calculated from the total
K X-ray emission probability, Px, , and from the emission probability ratios:

P(Kp) B

o) = 1050) |1+ 1|
-1

os) = 1050) |1+ 1 |
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The emission probability ratios P(Kg)/P(K,) and P(K,,)/P(Kq,) have been measured
by several authors [95Sc E]. They have also been calculated theoretically [74Sc J].

K-Auger electrons

A vacancy in the K shell is filled by an electron coming from a less bound shell. The available
energy is transferred to an electron of another shell, which is also less bound. The latter
electron is then ejected (Auger electron).

The energy of the K-Auger electron is:

Eax = Ex —Ex — By —AE  (Ey < Ex) (3.81)

where Fx, Ex, Ey, are the binding energies of the electrons in the K-shell and in the
two less bound shells (X, Y) (or subshells). AFE is a corrective term accounting for the fact
that the binding energy of the excited atom is greater than that of the atom in its ground
state.

Three groups of K-Auger electrons are distinguished. Using the conventional notation we
have:

e KLL-Auger electrons with six components: KLiLq, KLiLo, KLiL3g, KLoLs, KLoL3,
KLsLs.

e KLX-Auger electrons (X = M, N...) with the following components : KL;M;, KLiMs,
KLiM3s, KL1My 5, KLoM;, KLyMsg 3, KLoMy 5, KL3M;, KLsMy 5, KLiN, KLoN, KL3N.

o KXY-Auger electrons (X = M, N...; Y = M, N...). The KXY-Auger electron spectrum
is highly structured and the components are not be listed here.

As the KLL-Auger electrons are the most intense, the emission intensity P4, is often

I KLX
written in the following form, with AKLX _ :
AkLL KLL
KLX KXY
IAK_KLL<1+KLL—|— KLL) (3.82)

3.5.2 L shell
Vacancies created in the L shell

The vacancies created in the L shell can have several origins:

e clectron capture in the L shell. For an electron capture transition with a probability
P., the vacancy number is: P.Pp;

e internal conversion in the L shell. For a «y transition with a probability P, = I, + I,
the vacancy number is: Py ar /(1 + ay);

e rearrangement following a K vacancy giving rise to a K — L vacancy transfer.
For a given radionuclide, the total number of L vacancies created per disintegration is

written as follows, accounting for all transitions by electron capture, all v transitions, and all
K — L vacancy transfers:
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ar
nL:nL1+nL2+nL3:ZPEPL+ZPgm+TlKHKL (383)
where:
ng . is the total number of K vacancies calculated by equation (3.75)
nkr - is the total number of L vacancies created by K — L vacancy transfers when

one K vacancy is filled.

This vacancy transfer arises from the Xk emission (Kaj and Kay rays) and from the
emission of K-Auger electrons (KLL and KLX), with Ix, = Kea, I(KLL) = KLL, etc.

Ka 2KLL + KLX
KL= WK ey T T YR) I T KXY (3:84)
it may also be written as:
2+ 54X

L-shell fluorescence yields

For a L; subshell (i = 1, 2, 3), this is the probability that the filling of a L; vacancy is
accompanied by the emission of a L; X-ray.

This leads to the definition of three L-fluorescence yields wr1, wre, wrs:

IXLi

nr;

wr; = (i=1, 2, 3) (3.86)

wr1, wre and wrs, like wg, depend exclusively on the atomic number Z.

nr; is the number of vacancies created in the L; subshell for one disintegration of the
parent nuclide, and Ix,, is the emission intensity for Xi; quanta.

L X-rays

The filling of a vacancy in the L shell by an electron coming from a less bound shell X (X =
M, N...) can be accompanied by the emission of Xy, radiation of energy Ex, = E;, — Ex, E,
and Ex being the binding energies of the L and X shells (or subshells).

The Xy, series consists of the following main rays:
Ly { ¢ L3—M;

L ag  L3g—My
@ aq L3—M5

L, { n Lo—M;
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Bs  L3—Ni
Bs  Li—My
B3 Li—M3
B0 Li—My
Ly Bog  Li—M;s
B1 Lo—My
B2 L3—Nj
P15 L3—Ny
Br  L3—0q
Bs  L3—Oy4 5
(72 Li—Ng
v3  L1—Nj3
L v L1—09 3
Tl v Le—Ny
M Lo —Ny
7%  Lo—0Oy4

L-Auger electrons

When a vacancy in the L shell is filled by an electron coming from a less bound shell (M, N,
...), the available energy is transferred to an electron of another less bound shell (M, N, ...)
This latter electron is then ejected, it is called L-Auger electron.

The Auger yield ar; is the probability that a vacancy in the i** shell is filled with an
electron from a higher shell and is accompanied by the ejection of another less-bound elec-
tron. The L-Auger electron spectrum includes a large number of lines, which are practically
indistinguishable.

Coster-Kronig transitions

A Coster-Kronig transition is a special type of Auger effect, it occurs when an L; vacancy
(i=1, 2) moves from a subshell towards another less bound subshell, L; — Ly, Lj — L3, Lo —
L3 [65Fi R]. The ratio of the number of vacancies filled by Coster-Kronig transitions to the
total number of initial vacancies in the given subshell, respectively fio, f13 and fo3, are called
Coster-Kronig yields.

A transition of this type is accompanied by the emission of an L;L;X — Auger electron
emitted from a less bound shell (X = M, N ...). It carries off the energy:

ECKEEL,- _ELj —EX (221,2 j:2,3) (387)

This emission, which occurs before the L; subshell is filled, has the effect of increasing the
number of L vacancies.
The new vacancies V7, Vi, and Vi, are such that:

Vi, + Vi, + Vi, > Np, + N, + Np, (3.88)

where Np, is the number of primary vacancies. The Vi, are calculated by the following
equations:
Vi, = Nrp, (3.89)
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Vi, = Ni, + f12N1, (3.90)
Vi, = Npy + fisN, + fa3(Np, + f12Nr,) (3.91)

These expressions require that the initial vacancy distribution is given relatively to the
total number of primary vacancies in the L shell:

NL:NL1+NL2+NL3:1 (3.92)

hence:
Vi, + Vi, + Vi, > 1 (3.93)
Mean L-fluorescence yield

The mean fluorescence yield @y, is derived from the three individual fluorescence yields
wr1, wre and wrg, and from the distribution of vacancies modified by the Coster-Kronig
transitions.

wr =Vy,wr1 + Vi,wre + Vi,wrs (3.94)

wr, can also be expressed as a function of primary vacancies:
wr, = Ny, [wra + fiz wiz + (fi3 + fi2 fos)wrs] + Ni, (wre + f2 3 wrg) + Npywrs (3.95)
The L X-rays probability is given by:
Px, =npwy, (3.96)
with ny: total number of L-shell vacancies per disintegration.

Remark: While the yields wr,1, wre, wrs, fi2, fi3 and fo3 depend exclusively on the atomic
number, this is not the case for @y, which depends on the initial vacancies distribution, itself
a function of the transitions which gave rise to it. Hence (y, is not constant for a given atomic
number and must be measured or calculated for each radionuclide taking into account the
characteristics and constants of the decay scheme.

Mean L-Auger yield

The mean L-Auger yield is derived from wr, for a given initial vacancy distribution, by the
equation:
wr+ar =1 (3.97)

Where ay, is composed by, taking into account the Coster-Kronig transitions:

wr3t+arg =1
wr2 +ar2 + foz =1
wrpr +apt + fiz + fis=1

And the total emission probability of the L-Auger electrons is:

PAL =nray (398)
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With
PAL = PAL1+PAL2+PAL3
Pa,, = a1 Ny, =1 —wr — fiz— fiz3)Ni,
Pa,, = ar2(Np, + fi2Nr,) = (1 —wr2 — f23)(Np, + f12N1,)
Py, = ar3(Npy+ fisNp, + fas(Np, + f12N1,))

= (I —=wr3)((Nzs + f1i3Nr, + fo3(Nz, + f12Nr,))

Where P4, , are the number of L; Auger electrons.

Radiations accompanying a gamma transition

As an example of the effects of secondary phenomena accompanying the nuclear transforma-
tions, the expressions for the emission intensities of gamma rays, conversion electrons, Auger
electrons and X-ray quanta are given below for a gamma transition with the transition prob-
ability P, and the conversion coefficients ak, ar, ay and «ay. If the vacancy transfer from
the K to the L and from the L to the M shell are taken into account by the vacancy transfer
coefficients nx, and np s, the expressions for the emission intensities are given by:

IL,=1-d)PF,

Ie =} Py

Ix, = dpwi Py

Iz = (1 —wi) Py

Ix, = (O/KHKL + o/L) wr Py

Iy, = (agngr + o) (1-wr)

Ix,, = (o/KnKL’ﬁLM + O/LﬂLM) + O/M) wr Py

Ia,, = (agnkrioy +apnpy) + o) (1 —on) Py

In these equations wg, Wy, Wy, are the K-shell, the mean L-shell and the mean M-shell
fluorescence yields and of = «; /(14 ) are the reduced conversion coefficients (i = K, L, M, t).
The equations containing wy,, Wy, are approximations. A more detailed description would
require taking into account the processes occurring in the subshells. As the data necessary
for this are usually known with less accuracy, there is often no advantage in comparison to
the use of the above approximations. If there are several transitions, each contributes to the
emission of X-ray quanta and Auger electrons and the contributions have to be summed up
when the total emission intensities characterizing the disintegration of the studied nuclide are
calculated.
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Chapter 4

INTERACTION OF RADIATIONS
WITH MATTER

This subject, for which the reader is advised to refer to basic texts [55Ev R, 68Si
K], is raised only for two phenomena which occur in the vicinity of the radioactive
source, and which have a direct effect on the intensity of the radiations detected.

4.1 External bremsstrahlung

The external bremsstrahlung radiation is derived from the slowing down of electrons in the
Coulomb field of nuclei in the absorbing medium surrounding the (-emitting source. The
average energy of this photon radiation is about 1,4 x 107% Z E2, ., where E,,q, is the
maximum energy of the § radiation, provided that it is totally absorbed in the material with
atomic number Z (thick source).

The energy spectrum of this bremsstrahlung extends from 0 to E,,., and decreases very
roughly as 1/F. Since the intensity of this radiation is a function of the thickness and nature
of the material crossed, it is impossible to account for it in the tables. However, its influence

on some vy and X-ray spectra can be assessed.

4.2 Annihilation-in-Flight of Positrons

A positron can annihilate with an electron of the traversed medium before a complete slowing
down. The two emitted photons have energies different from mg ¢? as obtained from annihila-
tion at rest [54Ge J|. In v-ray spectrometry, this phenomenon has the effect of removing, from
the 511 keV peak, a fraction of the annihilation photons, giving rise to a continuous photon
spectrum. To take this effect into account the energy of this line is given as 511 keV without
uncertainty as the energy is not exactly 511 keV. The magnitude of this effect depends on
the material in which the 3% are stopped, so the intensity of the 511 keV ray (I511) does not
have a unique value.

Several factors must be considered if one wants to use the measured intensity of the
observed 511 keV peak to determine the activity of a radioactive source. First, all the 57
particles need to be stopped near the source in an absorber of known material. Second, the
point source efficiency at 511 keV must be corrected for the finite volume in which the 3+
annihilation occurs [80Sh K].
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Chapter 5

DOSIMETRIC DATA

Administration of a radiopharmaceutical leads to the irradiation of various organs and tissues,
which means that a prior estimate of the absorbed doses delivered to these parts of the body
is necessary in order to evaluate the risks run by the individual concerned. These dose values
are determined by physical and biological parameters and calculated from a computing model
established by the “Medical Internal Radiation Dose Committee” [76Lo R], of the American
Society of Nuclear Medicine. This model is based on the concepts of target region, in which
the mean absorbed dose D is estimated, as well as the source region from which the radiation
arises.
The basic equation used for the calculations is [I1ICRU]:

mg

D(rg — ) = Ap > A #ilrk — Ta) (5.1)

where:

:471 is the total number of nuclear transformations undergone by the radionuclide in the
source region 7, (which denotes a volume) during the time interval considered. Ay, depends on
the physical half-life of the radionuclide and on the activity delivered, as well as on biological
parameters relative to the distribution in time of the radionuclide within the source region;

my is the mass of the target region 7y;

A; is the mean energy of i-type particles emitted by nuclear transformations of the ra-
dionuclide in question, obtained from the expression:

with:
n;: the mean number of i-type particles emitted per nuclear transformation of the ra-
dionuclide.

E;: the mean energy (other than the rest energy) of i-type particle.

i(ri < rp), absorbed fraction, is the fraction of the energy Fj;, of each particle emitted
in the source region 7y, which is given, in mean, to the target region 7.

A special case is that where the regions r; and 7, are identical, exactly homogeneous,
of constant density and in which the radionuclide is uniformly distributed. The general
expression then reduces to the simplified form:

Deq = 5 ZAz (53)
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where:

D, is the equilibrium dose,

In this case the equilibrium results from the fact that at each point of the region the

C= ﬁ/ m the number of nuclear transformations per unit mass.

energy emitted is equal to that imparted to the medium.

The purely physical data considered in this Table and needed for calculations from the

general expression (5.1) are:

e the radionuclide half-life, one of the parameters involved in :47“

e n;, mean number of i-type particles per nuclear transformation,

e ;. mean energy of each i-type particle,

e A;, product of n; and E; .

The units of the various terms of equations (5.1) and (5.2) are given in the table below:

Term

SI Unit [81 SI]

Old unit and value in SI

D

Ay
my
g
E;
A

%

Pi

Gy
Bgqs =1
kg
Bqls™!
J
JBq ts7!
1

1rad = 1072 Gy
1 xCi.h =1,332x10% Bq.s
l1g=10"3kg
1 grad.uCi~Lh='.MeV~! = 1/2,134
1 MeV = 1,6022x10713 J
1 grad.uCi—Lh™! ~ 7,507x10714 J
1
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Chapter 6

RULES FOR EVALUATION AND
COMPILATIONS

Two main groups of data sources are used to obtain the recommended data:

e specific values evaluated from all available original publications,

e compiled data already evaluated by specialists (for example: Q-values), if a new ex-
perimental value exists, it may be taken into account. In this case, the corresponding
reference is mentioned in the reference list of this radionuclide.

6.1 Rules for evaluation
All intermediate stages in the compilation and evaluation of a decay parameter are not pre-

sented in detail in order to avoid unnecessary complexity. The main stages comprise the
following:

e critical analysis of published results and, if necessary, correction of these results to
account for more recent values hitherto unavailable to the original experimentalists; as
a rule, results without associated uncertainties are discarded, and the rejection of values
is documented;

e data obtained through private communications are only used when there is no published
article available;

e adjustments may be made to the reported uncertainties;
e only one result, generally the latest one, is taken into account per laboratory (or author);
e recommended values are derived from an analysis of all available measurements (or

theoretical considerations), along with the standard deviations corresponding to the
1 o confidence level.

LNE-LNHB/CEA



Introduction 39

6.1.1 Evaluation of uncertainties

Definitions by the “Guide to the expression of uncertainty in measurement”
[93 GUM]:

Uncertainty (of measurement): a parameter, associated with the result of a measurement,
that characterizes the dispersion of the values that could reasonably be attributed to the
measurand.

Standard uncertainty: uncertainty of the result of a measurement expressed as a standard
deviation.

Type A evaluation (of uncertainty): method of evaluation of uncertainty by the statistical
analysis of a series of observations.

Type B evaluation (of uncertainty): method of evaluation of uncertainty by means other
than the statistical analysis of a series of observations.

The uncertainties given by authors are re-evaluated by combining the standard uncertain-
ties oa and op by using the general law of variance propagation:

ue = \/0% + 0% (6.1)

where: u. : combined standard uncertainty
o4 : type A standard deviation
op : type B standard uncertainty

When the authors give insufficient information about their uncertainty calculations, the
combined uncertainty u., may be estimated by the evaluator, based on his knowledge of the
measurement method(s).

6.1.2 Determination of the best value and of the associated uncertainty

Case of results obtained by one author using one method

In this case the procedure is normally carried out by the author himself. Sometimes only
the final result, for the mean value and the combined standard uncertainty, is given in the
original publication. If details are known, the procedure is the following;:

If there are n individual values a; (i = 1---n), the best value is the arithmetical mean:

a=y 4 (6.2)

with type A standard deviation:

11)2
2l - “)2] 6.3

7al®) = [<—1>

If there are m contributions ogj (j = 1---k) to the type B standard uncertainty that are
independent of each other:

oa(@ =[S o,] (6.4)
j=1
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Combined standard uncertainty is:

ue(@) = /0% (a) + 0%(a) (6.5)

Recommended value is:
a=a=xuc(a) (6.6)

Case of results obtained by several authors employing the same method

For n individual values a@; (i = 1---n) having a standard deviation o4; and a type B un-
certainty op; the best value is obtained by taking the mean weighted by the inverse of the
variances.
= /2
X, @/%) 6
> (1/0%)

Qll

The associated values u., 04, op are:

oa@) =[S et)] (68)

)

o5(a) = >2;(0Bi)min o 05(@) = \/3(0B) s O 0B(@) = (0B)min

depending on the individual case. However, og(a) cannot be less than the smallest op;.

Finally 04 and op are combined quadratically:

The recommended value is:
a=azuc(a) (6.10)

Case of results obtained by different methods

When different measurement techniques have been applied, a weighted average is calculated
using the combined uncertainties of the individual values as weights.

For n independent values a;, each with a combined standard uncertainty u.,; a weight p;
proportional to the inverse of the square of the individual u., can be assigned to each value.

n
Z Dpia;
=1

Ay = —¢
Z Di
i=1

(6.11)

where the weights are p; = 1/u2.
An internal uncertainty can be assigned to the mean value [93Wi G, 85Zi PJ:

i) = | (1/2)] o (6.12)

i
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The internal variance o2 ,(a,) is the expected uncertainty of the mean, based on the
2
¢

individual a priori variances uZ. (by uncertainty propagation).

The external uncertainty is also calculated:

1/2
X (- awP/u ] (6.13)

(n—1) 22(1/uz)

The external variance o2,,(a,,) includes the scatter of the data and is based on the amount
by which each a; deviates from the mean when measured as a fraction of its given uncertainty
Ug, -

1

Uext(aw) = [

A measure of the consistency of the data is given by the ratio [93Wi G, 85Zi P]:
Uext/aint = XQ/(TL - 1) (614)

If this ratio is significantly greater than unit, at least one of the input data most probably
has an underestimated u., which should be increased, or some data must be rejected.

Statistical rejection of data

The rejection of data is based on the Chauvenet’s criterion [76Ch W, 72De D] that identifies
statistical outliers.

In a set of n individual values a; (i = 1---n), having an arithmetical mean value of a and
a standard deviation of o, a measured value ay, is identified as outlier if:

ap >a+oxC (6.15)
where:
C . depends on the number of measurements n and
is calculated assuming that a; (i = 1---n) follows a Gaussian distribution.
ap : is rejected if the probability to obtain such value is less than 50 %.

Determination of the adopted value and of the associated uncertainty

After a possible rejection of data, a critical value of x?/(n — 1) at 1 % confidence level is
used as a practical test for discrepant data. The following table lists the critical values of
x2/(n — 1)(critical) for an increasing degree of freedom v = N — 1 [69Be P].

v x%/(n— 1)(critical) v x2/(n — 1)(critical)
1 6,6 12 2,2
2 4,6 13 2.1
3 3,8 14 2.1
4 3,3 15 2,0
5 3.0 16 2.0
6 2,8 17 2,0
7 2,6 18 - 21 1,9
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v x%/(n —1)(critical) v x2/(n — 1)(critical)
8 25 22 - 26 1,8
9 24 27 - 30 1,7
10 2.3 >30 1+233.2/v
11 2.2

If x2/(n — 1) < eritical x?/(n — 1) the recommended value is given by:

a = Gy + oint(ay) (6.16)

If 1 < x2/(n—1) > critical x*/(n — 1), the method of limitation of the relative statistical
weight [85Zi P, TECDOC] is recommended when there are three or more values; uncertainty of
a value contributing more than 50 % to the total weight is increased to reduce its contribution
to 50 %. The weighted and unweighted average and criticalx?/(n — 1) are then recalculated:

If x?/(n — 1) < eritical x?/(n — 1) the recommended value is given by:

a = Gy + max[oipi(ay), Tept(ay)] (6.17)

If x2/(n — 1) > eritical x*/(n — 1), the weighted or unweighted mean is chosen,
depending on whether or not the uncertainties of the average values make them
overlap with each other. If overlap occurs, the weighted average is recommended;
otherwise the unweighted average is chosen. In either case, the uncertainty can
be increased to cover the most accurate value.

Parameters evaluated according to these procedures and rules include half-lives, energies
and number of emitted particles, and some experimental internal conversion coefficients. All
remaining data given in these tables are taken from compilations or deduced from calculations.

6.1.3 Balanced decay schemes

All the probabilities for transitions correspond to balanced schemes and permit the formula-
tion of a fully consistent set of values. This balance implies obvious relationships such as the
following;:

e The sum of the transition probabilities for all the decay transitions (a, 3, 7, €) cut

by an horizontal plan at each level of a decay scheme is equal to 1 (or 100 %). This
ruling is also valid for the highest energies of the decay scheme where only (3 (or «, €)
transitions are relevant, and for the lowest levels of the decay scheme, where sometimes
only v transitions are involved;

e for an excited nuclear level, the sum of the transition probabilities feeding the level (c,
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e when the relative emission probabilities P(rel), of the v emission intensities are known
with respect to one of them, such as 7%, and no feeding to the ground state from «, (3,
and e transitions is assumed, then, all the absolute v emission intensities I(abs),, can
be calculated from the equation:

I(abs),, = P(rel),, x N (6.18)

where N is the “normalization factor” and is determined by:

N > Plrel)y,(1+a,) =1 (6.19)
i
where the sum covers the y-transitions feeding the ground state.

6.2 Compilations

6.2.1 [ and electron capture transitions

Depending on the individual radionuclide, S-transition energies are either evaluated on the
basis of experimental data (maximum 3 energies), or derived from the atomic mass differences
obtained from the tabulations of AUDI, WAPSTRA, THIBAULT [03Au G| and the nuclear
level energies. The average (3 energies are generally computed [ENSDF.], and the values of
lg ft are calculated from the tables of GOVE and MARTIN [72Go NJ, as well as ¢/3% when
necessary.

Electron-capture transition energies are derived from the atomic mass differences and the
nuclear level energies. Capture probabilities in the electronic shells, P, Py, ... are calculated
from equations (3.37) to (3.49) where the ratios of the radial wave function components
of the electron [69Su Y, 69Be H, 70Ma M|, and the corrective terms for exchange X L/K
[63Ba J, 70Fa J, 70Su Y, 70Va E, 98Sc E]| are derived from tables.

6.2.2 v transitions

e Internal conversion coefficients of pure transitions are evaluated and compared with the-
oretical values [02Ba I, 08Ki T], which are generally preferred, except for some specific
cases, e.g. when there is as penetration effect.

The theoretical values are deduced from the tables of BAND et al. [02Ba I], they are
based on the Dirac-Fock calculations using the so called “Frozen Orbital” approximation

which takes into account the effect of atomic vacancies created in the conversion process
[08Ki T.

The uncertainties on these theoretical values are deduced from a comparison between
theoretical values and experimental ones [08Ki T, 02Ra S].

e Internal conversion coefficients of multipole transitions (e.g. M1 + E2) are derived from
tables of theoretical data, according to:

arirr) = (1= 6%) araun) + 6 ar) (6.20)

Where the mixing ratio § is evaluated from experimental values.

LNE-LNHB/CEA



44 Table of Radionuclides

o o, coefficients are interpolated from theoretical values [79Sc P, 96Ho C], the uncertain-
ties are assumed to be 1,4 % [08Ki T].

6.2.3 Level spins and parities

Level spins and parities are usually extracted from the Nuclear Data Sheets [NuDaSh].

6.2.4 Constants of the atomic shell

The K-shell fluorescence yields wg and their uncertainties are taken from the evaluation
of BAMBYNEK et al. [72Ba W, 84Ba W, 91Ba W| with uncertainties ranging from 1 %
(Z > 35) to 10 % (Z = 5), and from subsequent experimental results.

Mean L-shell fluorescence yields @y, are taken from the evaluation of SCHONFELD et al.
[95Sc E]. This evaluation includes both experimental [81Mi I, 87Co D, 89Hu J] and theoret-
ical values [93Pu S]. The relative uncertainties are lower than 4 % (for Z > 29).

Mean M-shell fluorescence yields wjys are obtained from the fitting of experimental data
by HUBBELL [89Hu J, 94Hu J].

Relative X-ray emission rates K 3/K« are taken from SCHONFELD et al. [95Sc E], and
the Ky /Kas from the theoretical values of SCOFIELD [74Sc J]. Uncertainties are assumed
to be of the order of 1 %.

X-ray radiation energies are taken from the tables of BEARDEN [67Be J] and DESLAT-
TES [03De R].

Relative emission probabilities of K-Auger electron groups are deduced from the X-ray
ratio [96Sc E| with uncertainties of the order of 3 %.

Energies of the K and L-Auger electrons are taken from the table of LARKINS [77La F].

The mean number of vacancies created in the L shell (from one K hole) nx, and in the
M shell (from one L hole) nipps are estimated from the previous values.

6.2.5 myc® energy

The moc® energy is taken as 510,998928 (11) keV given by the CODATA Group (2010)
[10Mo P].
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CONTENTS OF THE TABLES

Each section devoted to a radionuclide or to a radioactive series contains the following:

e decay scheme(s),

e half-lives, ()-values, atomic shell data,

e tables of probabilities of different transitions,
e tables of intensities of different emissions,

e major production methods,

e references employed in the evaluation.

7.1 Radioactive series

When two or more radionuclides compose a radioactive series, the nuclear and atomic data
are presented separately for each. If the half-life of the daughter(s) is shorter than that of
the parent, so that an equilibrium can be achieved, the emission intensities of the different
radiations are given for all the radionuclides involved, the equilibrium being reached. More-
over, if the half-life of the daughter is sufficiently long to permit its use after separation, it is
covered by a separate section (e.g. #°Ba —'40 La). This rule also applies if the daughter is
an isomer (e.g. '2°Sb —125m Te).

Furthermore, if a radionuclide possesses an isomer of specific interest, it is covered by a
separate section (e.g. %¥™Co, %m(Co).

7.2 Decay scheme

A decay scheme includes the following information:

e half-lives of ground states, together with those of excited levels longer than 1072 s,
e disintegration energies,
e energy, spin and parity of levels,

e transitions listed by the index: initial level, final level. The levels are arbitrarily desig-
nated by a number from 0 for the ground state to n for the n" excited level.
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The transition energies are not shown on the decay schemes. The «, 8 and electron
capture and ~ transition probabilities are given for 100 disintegrations. The gamma emission
intensities are given following 100 disintegrations.

Intervals between levels are roughly proportional to energy differences.

Transitions with probabilities over 0,5 are shown by heavy lines, as used for the ground
states. Those between 0,05 and 0,5 in medium-thick lines. Those below 0,05 are shown by
fine lines.

The decay scheme diagram is, as a rule, similar to that of other tables [NuDaSh].

B \' B decay.

/ € Electron capture decay.

[ decay.
p
/ o a decay.

A Q values of disintegration energies, O~
1800 being shown on the right of the schemes,
Q' and Q,, on the left.

—_

— 150 14x10%s  Tpe upper level has an energy of 150 kelV
and a half-life of 1,4 x 107 5. It de-excites

v by the emission of a y photon or an internal
v O conversion electron.

LNE-LNHB/CEA



Introduction

47

2+

“)

G

2()

(3/2, 172)

7.3 Tables

7.3.1 Notation

Spin and parity are considered as certain.

Spin and parity are uncertain.

Spin is uncertain, parity is considered
as certain.

Parity is uncertain, spin is considered
as certain.

Parity is considered as certain, and
one of the spins as certain.

Following the Guide to the expression of uncertainty in measurement [93 GUM], the values
and their uncertainties are reported as:

E =100, 02147 (35) keV

where the number in parentheses, which is the numerical value of the combined standard
uncertainty u. (k = 1), refers to the corresponding last digits of the quoted result.

7.3.2 Nuclear data

The nuclear data comprise the following:

e the half-life of the radionuclide and possibly those of the daughter radionuclides,

e disintegration energies,

e « transitions, § transitions and electron capture transitions are given in order of in-
creasing energy. The first column designates the transition. The remaining columns
indicate the energy, the transition probability, the « transition hindrance factor, the
nature, the lg ft for § transitions and, for electron capture transitions, the probabilities

P, P, P

s Pe; s Pe,, of capture in the atomic shells.
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e ~ transitions are also given by order of increasing energy. The first column designates
the transition. The remaining columns indicate the energy, probability, multipolar-
ity, internal conversion coefficients ak, ag,, the total conversion coefficient oy and the
coefficient of creation of the internal pair «; if any.

Remarks:

A multipolarity such as M1 (4 E2) indicates that the percentage of E2 is very low or is
uncertain.

A multipolarity such as M1 or E2 indicates a pure y transition of one type.

7.3.3 Atomic data

Atomic data include the following;:

e fluorescence yields wg, wr, Wvm, NKL, MLM,
e cnergies and relative probabilities of Xk lines,

e cnergies of Xy, lines. For radionuclides with Z < 52, only the minimum and maximum
energies are indicated,

e energies and relative emission probabilities of K-Auger electrons,

e minimum and maximum energies of L-Auger electrons. The minimum energy is that
of the L3 M; Mj etc. transition. The maximum energy is that of the L1 M M transition
for Z < 32, of the Li NN transition for 33 < Z < 37, of the L1 N O transition for
38 < 7Z <49 and of the L; O O transition for Z > 50.

7.3.4 Intensities of radiations

Emission intensities are always related to 100 nuclear transformations of the radionuclide and
are given in order of increasing energy.

Isomeric transitions

When a radionuclide with half-life 77 has an isomer daughter with half-life 75 lower than
Ty, the emission intensities I,, and I.., are related to the probability P, of the isomeric
transition by:

T —m2h=T2
Ditdee =5 — Pou (L—e 770 m ] (7.1)
For ¢t > 1075, the parent and daughter are practically in equilibrium:
T
I’Yi + Icei = ﬁ sz‘ (72)

Note that the isomeric transition probability P, is the probability that the disintegration
of the parent radionuclide is followed by this transition. It is independent of the time and
cannot exceed 1 (or 100 %).
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7.4 Main production modes

The production processes quoted are those which are most widely employed. The impurities
mentioned are those generally encountered, with the exception of accidental contaminations.
The cross section, given only for thermal neutron activation, is taken from the tables of
MUGHABGHAB et al. [81Mu S, 06Mu S]. The useful data for activation with charged par-
ticles (cross section as a function of particle energy) may be derived from tables or publications
[89He R].

7.5 References used

The references quoted are those which were used in the evaluations, with the extracted quan-
tities in square brackets.

7.6 Spectra

Spectra are not given in the new computerized version of these tables, they can be found in
the Gamma-Ray Spectrum Catalog [98Cat.].

7.7 Publications

Various volumes of the “Table of Radionuclides” were published [87 TR1, 99 TR2|. A new
series of volumes have been published under the auspices of the BIPM as Monographie-5
[04TRM1, 06TRM2, 08TRM3, 10TRM4, 11TRMS5|. Each evaluation includes a comment file
published in a separate issue.

New publications or updates are made available in the following web site:
http://www.nucleide.org/NucData.htm

A CD Rom, called “Nucleide” has also been published [CD NUC], it includes all Tables,
Comments and various facilities.

For spectrometry purposes, a web application has been developed. It presents all a, X
and « emissions of a given nuclide and provides multi-criteria searching tools. It can be found
at the following web address:
http://laraweb.free.fr

A pocket table containing the main characteristics of a decay is also provided [07Mini].
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