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FOREWORD

Various groups around the world are engaged in the compilation and evaluation of decay data for either all
known or specific radionuclides. Many evaluators operate independently and recommend slightly different
values for the same parameter. Even small deviations in the recommended data can have a significant impact on
the definition of the decay characteristics of radionuclides used as standards in detector efficiency calibrations
and subsequent applications (e.g. in nuclear medicine and environmental monitoring). Under such
circumstances, these differences can be propagated into the measurements of decay data for other radioactive
nuclides and may also bring into question the efficacy of adopting specific radionuclides in diagnostic and
therapeutic treatments. High quality decay data are essential for the efficiency calibration of X and y ray
detectors that are used to quantify the radionuclidic content of a sample by determining the intensities of any
resulting X and y rays.

A major objective of the IAEA nuclear data programme is to promote improvements in the quality of
nuclear data used in science and technology. Hence the IAEA established a Coordinated Research Project
(CRP) in 1986 on Measurements and Evaluation of X and Gamma Ray Standards for Detector Efficiency
Calibration, with the aim of reducing the discrepancies and uncertainties in those decay data parameters judged
to be important in such work. This CRP was completed in 1990, and the results of the work were assembled as a
database and presented in IJAEA-TECDOC-619, X-ray and Gamma-ray Standards for Detector Calibration.
Recommended values for the half-lives and photon emission probabilities were given for a selected set of
radionuclides that were judged to be suitable for detector efficiency calibration (X rays from 5 to 90 keV, and
y rays from 30 to about 3000 keV). Detector efficiency calibrations for higher gamma ray energies were also
considered (i.e. prompt emissions up to 14 MeV from specific nuclear reactions). This timely initiative
contributed to the development of measurement techniques and an agreed evaluation methodology. The
evaluation procedures used to obtain the recommended values and their estimated uncertainties were
documented, along with a summary of the remaining discrepancies. Many important experimental studies were
catalysed by the demands of this earlier CRP, and a significant fraction of these new data were not published
until the 1990s nor included in the original evaluation process. New efforts under the auspices of a further CRP
were judged to be necessary in order to incorporate these new data and update the existing database, along with
extending these files to encompass the related needs of a number of important applications such as
environmental monitoring and nuclear medicine.

A Consultants meeting was held in Vienna on 24 and 25 November 1997 to assess the current needs and
identify the most suitable radionuclides. The experts at this meeting advised the establishment of a new CRP on
Update of X ray and Gamma Ray Decay Data Standards for Detector Calibration and other Applications. The
IAEA established this CRP in 1998 and the participants completed an agreed work programme in 2005. All of
the results are presented in Volume 1 of this report, while Volume 2 details the data selection, assessment and
evaluation processes adopted in order to ensure traceability. Recommended half-lives, and X and y ray emission
probabilities are given for a carefully selected set of radionuclides and nuclear reactions that are suitable for
detector efficiency calibration and other applications. The evaluation procedures used to obtain the
recommended values and their uncertainties are detailed, and comments have been made on the remaining
discrepancies. Consideration is also given to the coincidence method of determining absolute y ray detection
efficiencies and the statistical correlation of decay data. An appropriate set of suitable X and y ray decay data
standards have been derived, with the expectation that the recommended values will be recognized as
international reference standards.

The TAEA is grateful to members of the Decay Data Evaluation Project and laboratories affiliated with
the International Committee for Radionuclide Metrology for their assistance in the work and for support of the
CRP meetings. Both O.A.M. Helene and V.R. Vanin wish to thank their State and Federal funding agencies
(FAPESP and CNPq) for financial support during the course of their evaluation studies. The IAEA officers
responsible for this publication were M. Herman and A.L. Nichols (ex AEA Technology) of the Division of
Physical and Chemical Sciences. The participants in this evaluation study dedicate their work and results to the
memory of their co-workers: R.G. Helmer (USA), G.L. Molnér (Hungary) and S.A. Woods (UK).
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1. INTRODUCTION

1.1. BACKGROUND

The desire to improve the decay data used to
undertake accurate efficiency calibrations of y ray
detectors arose with an increased awareness of the
publication of important new measurements
instigated during a previous IAEA Coordinated
Research Project (CRP) on X Ray and Gamma Ray
Standards for Detector Calibration [1]. Some
measurements were not completed and published
within the time frame of the original CRP (1986-90).
Therefore it was recommended that the desired
decay data be reassessed and evaluated in order to
reformulate and update the internationally
accepted IAEA data files. Such a proposal was
supported by the International Nuclear Data
Committee (INDC), the external review body of
IAEA nuclear data activities, which also
recommended the establishment of technical links
with the International Committee for Radionuclide
Metrology (ICRM). Therefore, a Consultants
Meeting was held in Vienna on 24 and 25 November
1997 to discuss the quality of the relevant data and
define a suitable programme to resolve various
issues [2]. As a consequence of these discussions, a
CRP (Update of X Ray and Gamma Ray Decay
Data Standards for Detector Calibration and Other
Applications) was established by the IAEA. The
participants in the programme were specialists in y
ray spectroscopy and in the related areas of
standards and data evaluation. Their objective was
to produce a recommended set of decay parameters
for selected radionuclides and nuclear reactions
judged to be important for the efficiency calibration
of equipment used to detect and quantify X and vy
ray emissions over a range of applications.

1.2. SCOPE

Various factors such as source preparation and
source—detector geometry may affect the quality of
measurements made with intrinsic germanium and
other y ray spectrometers. However, the accuracy of
such measurements invariably depends on the
accuracy of the efficiency versus energy calibration
curve and hence on the accuracy of the decay data
for the radionuclides from which calibration
standard sources are prepared. Both half-lives and

X and y ray emission probabilities need to be known
to good accuracy.

Members of the CRP reviewed and modified
the list of radionuclides most suited for detector
calibration and were able to include some of the
specific needs of such nuclear applications as
safeguards, material analysis, environmental
monitoring, nuclear medicine, waste management,
dosimetry and basic spectroscopy. CRP meetings
were held in Vienna (1998 [3]), Braunschweig,
Germany (2000 [4]) and Vienna (2002 [5]) to
monitor  progress, promote  measurements,
formulate and implement the evaluation
methodology (Annex I), and agree upon the final
recommended half-lives and X and y ray emission
probabilities as presented in this report.

The recommendations and report of this work
are published in two volumes:

Volume 1 — Recommended Decay Data,
High Energy Gamma Ray
Standards and Angular
Correlation Coefficients;

Volume 2 — Data Selection, Assessment and
Evaluation Procedures.

Volume 1 is a self-contained assembly of the
recommended decay data covering half-lives and
the X ray and y ray emission probabilities of the
selected radionuclides, and listings of various high
energy 7y ray standards and a set of angular
correlation coefficients; these data are presented in
a concise manner for rapid and easy access. More
detailed technical features of the CRP are described
in Volume 2, including the evaluation procedures
adopted and extensive traceable explanations of the
origins of the nuclear data used to produce the
recommended values listed in Volume 1. This detail
was judged to be essential in order to record and
demonstrate the quality of the resulting data files and
allow the reader to trace the origins of the nuclear
data used to determine the recommended values.

All evaluations were based on the available
experimental data, supplemented with the judicious
use of well established theory. Three types of data
(half-lives, energies and emission probabilities)
were compiled and evaluated (Annex II). Consider-
ation was also given to the adoption of a number of
prompt high energy y rays from specific nuclear



reactions (Annex III), as well as to using the y—y
coincidence technique for efficiency calibrations
(Annex IV). Well defined evaluation procedures
were strictly applied to determine the
recommended half-lives and emission probabilities
for all prominent X and y rays emitted by each
selected radionuclide.

1.3. UPDATE OF THE DATABASE

IAEA-TECDOC-619 [1] contains recom-
mended decay data for 36 radionuclides, extending
up to a y ray energy of 3.6 MeV. These data were
revisited and revised, where appropriate, as a conse-
quence of the availability of new experimental data
measured and published after 1990. New measure-
ments of half-lives have also been published for at
least 29 of the original 36 radionuclides. A more
comprehensive list of 62 radionuclides and two
heavy element decay chains was prepared at the
Consultants Meeting and adopted as a suitable
starting point by the participants of the CRP. Decay
data were compiled, evaluated and recommended
for the half-lives and X ray and y ray emission
probabilities. These radionuclides have been re-
evaluated in a combined international exercise led
by laboratories involved in the Decay Data Evalu-
ation Project (DDEP) [6] and affiliated with the
ICRM, with the CRP providing additional impetus
and the necessary co-ordination to achieve the
desired objectives. Only average X ray energies and
their emission probabilities are given in IAEA-
TECDOC-619 — the new work eliminates this
shortcoming through a systematic analysis of the
emissions of the individual Ko, Ka,, KB{ and Kf;
components.

1.4. EXTENSION OF THE ENERGY RANGE

New nuclear techniques suffer from a lack of
high energy calibration standards (for example,
radiotherapy). There is an urgent need to provide
such data for the calibration of y ray detectors up to
25 MeV. Appropriate radionuclides and nuclear
reactions have been identified, and y ray emission
probabilities were compiled and evaluated (see
Annex III). Various options were explored in order
to provide energy and intensity calibration y lines
above 10 MeV. An example is the "B(p, y)!*C
reaction at proton energies of up to 100 MeV.

1.5. OTHER CONSIDERATIONS

Angular  correlation  coefficients  were
evaluated for a few appropriate radionuclides of
relevance to the y—y coincidence method
(Annex IV). Attention was also focused on the
analysis of uncertainties, including an investigation
of the feasibility and usefulness of including
uncertainty correlations in the evaluation
procedures (Annex V). A limited number of radio-
nuclides were evaluated in this manner. One
conclusion arising from this exercise was the need to
establish rules for the documentation of
experiments that enable the evaluators to estimate
input covariances from the published decay data.

A major aim has been to redefine the contents
of a set of data files that should be internationally
accepted so as to improve the consistency and
uniformity of subsequent measurements of photon
emission probabilities. The CRP has also assisted in
the definition of an agreed evaluation methodology
that provides consistent and high quality results. A
primary aim is that y ray spectroscopists will accept
the decay data standards presented in this report
and use these recommended values in their work.



2. OBJECTIVES OF THE CRP

The primary objective of the CRP was to
improve detector efficiency calibration in the most
critical  non-energy  applications,  including
safeguards, material analysis, environmental
monitoring, nuclear medicine, waste management,
dosimetry, and basic spectroscopy. Ancillary
objectives of the CRP were identified with the
following steps:

(a) Selection of appropriate calibrant nuclides;

(b) Assessment of the status of the existing data;

(c) Identification of data discrepancies and limita-
tions;

(d) Stimulation of measurements to meet major
data needs;

(e) Evaluation and recommendation of improved
efficiency calibration data.

Every effort was made to cover as wide a range of
photon energy as possible. X ray and y ray emitting
radionuclides were included to cover the energy
range from 1 keV to 5 MeV. Other considerations
for the selection of radionuclides included:

(1) Commonly used and readily available
nuclides;

(2) Nuclides used and offered as standards by
national laboratories, including multi-line
nuclides for rapid calibrations;

(3) Definition of a set of single-line nuclides to
avoid the need for coincidence summing
corrections;

(4) Nuclides with accurately known emission
probabilities.

Emission probability data for selected photons were
evaluated and expressed as absolute emission
probabilities per decay.

A recommended list of 62 nuclides and two
heavy element decay chains evolved from the
meetings of the CRP (Table 1). A primary standard
is a nuclide for which y ray emission probabilities
(or intensities) are calculated from various data that

do not include significant y ray measurements
(emission probabilities are usually close to 1.0,
expressed per decay); these data may include
internal conversion coefficients and intensities of
weak [ branches. Secondary standards are nuclides
for which the recommended y ray intensities depend
on prior measurements of the y ray intensities. The
laboratories contributing to the CRP evaluations
are listed in Table 2, along with various comments
on the resulting data. When relative intensities had
been measured, these parameters were evaluated as
well as the normalization factor; this combination of
data was then used to generate absolute emission
probabilities. Thus, both relative intensities and
absolute emission probabilities were included in the
evaluation exercise and both can be extracted from
the database.

The following nuclear reactions were adopted
as y ray calibration standards:

(i)  “N(n,y)"N*

(i) ¥Cl(n, y)**Cl*

(iii) **Ti(n, y)*'Ti*

(iV) 50, 52, SSCI‘(H, y)51, 53, 54Cr*
(v) "B(p,y)"*C*

(vi) *Na(p, y)**Mg*

(vii) Z7Al(p, y)*8Si*.

Their cross-sections and the energies and transition
probabilities of the most prominent high energy y
transitions have been evaluated.

Emphasis has been placed on the X and y rays
most suited as detector efficiency calibrants, and
only these emissions have been included in the final
CRP dataset (i.e. only a limited number of strong
lines are recommended). Detailed comments and
complete decay data listings are not necessarily
included in this report. However, the user is
referred to a number of parallel publications by
laboratories involved in the DDEP [7-9] and the
web pages located on web page:
http://www.nucleide.org/DDEP_WG/DDEPdata.htm



TABLE 1. SELECTED RADIONUCLIDES AND APPLICATIONS

Nuclide Type of . Medical Environmental Waste
standard DO applications monitoring management >0 8%
2N3q P ~ y B B -
2N P B - B ] )
4OK S _ 3 . - B
46Gc P B - B ] )
Sicy S B y ~ B ]
S4Mn P B - y ) )
56Mn P B y - B ]
SSFe S B y B ) )
e S B y ~ B ]
6Co S B - B ] )
57Co P B y ~ B )
(122 keV)
8Co P B - y ) )
0Co P - X X x x
4y B B 5 B ) )
6571 S B - y . ]
6Ga S B y B ) )
67Ga S — X — — _
8Ga B B y B ] )
7536 S — X — — _
8Ky B B - . ] )
85Gy P B y y B ]
88y P B - B ] )
(1836 keV)
S
(898 keV)
93mNh B “ - ~ B )
%Nh P B - B ] )
95Nb P B - y B )
OMo—29"Te P B y - B )
(140.5 keV)
9m T P B y ~ B )
(140.5 keV)
3Ry B B 5 . ) .
106R 4—106R } S _ . y B .
110m A o(110 ) S B ~ y . )
109C d S _ B . - B
iy P B 5 B ] )
llSSn P _ B B - B
125g1, B B - y ] ]
lZSmrTe _ _ y B y B
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TABLE 1. SELECTED RADIONUCLIDES AND APPLICATIONS (cont.)

Nuclide

Type of
standard

Dosimetry

Medical
applications

Environmental
monitoring

Waste
management

Safeguards

1291

l3lI

1340
137CS

133B a

139Ce

141 Ce
144Ce_144py

153 Sm

1520y

154Eu

I55Ey

166mEy o166 ¢
170Tm

169Yb

1921,

198 Au

203 g

ZOlTl

207Bi

226Ra decay chain
28Th decay chain
234mp,y
WA

243 Am

jav e v B 7 B ¢ B Vo B @ B ¢ B ¥ R > B B ¢ I @ B v B @ B v B 7 BNV B ¢

P
(569.7 keV)

S
P

P

X

X

X

X

P: Primary efficiency calibration standard.
S: Secondary efficiency calibration standard.



TABLE 2. DECAY DATA EVALUATIONS AND COMMENTS

Radionuclide Evaluation Comments”
2Na INL/PTB —
*Na INL/PTB -

40K INL —

Sc INL -

Cr INL/PTB -
*Mn INL/PTB -
Mn AEA —

»Fe LNHB -

PFe LNHB —
%Co NPL/LBNL A total of 87 statistical outliers were identified from approximately 770 data points

(representing a large fraction). Only data from eight selected references were
considered in the evaluation for Ey > 3000 ke V. This situation implies the need for
further measurements for high energy y ray standards.

Co KRI Assumed no electron capture feeding to the ground and first excited states of 3'Fe.
*Co LNHB -

%Co INL -

%Cu INL -

07n INL —

%Ga LBNL -

Ga KRI Decay scheme evaluation is based on absolute P, ((93.3 keV) = 0.325(4). However,

this emission has been obtained from two discrepant measurements of 0.3206(23)
and 0.329(4). Further studies of this important parameter are required.

%Ga PTB -

Se LBNL/PTB Recommended relative y ray emission probabilities were deduced from 11 published
measurements and 13 additional measurements of an ICRM intercomparison
coordinated by the CRP. Absolute emission probabilities were obtained from a
weighted average value of 0.589(3) for the 264 keV y ray. Calculated KX ray
probabilities agree well with measured values and confirm the consistency of the
decay scheme.

$Kr LNHB -

®Sr PTB -

8y PTB -

PmNb KRI —

*Nb NPL -

“Nb INL —

#Mo-*"Tc¢ LNHB/KRI -

PmTe LNHB/KRI —

'“Ru NPL -

106Ry-'%Rh NPL —

10m A g (1107 o) INL _

Cd PTB -

ip KRI More accurate measurements of y ray energies are recommended.

"Sn INL -

1255h INL/LBNL Assumed no direct p decay to the ground and 35.5 keV excited levels of '*Te, and set

the total y ray feeding to these two states to be 100%.



TABLE 2. DECAY DATA EVALUATIONS AND COMMENTS (cont.)

Radionuclide Evaluation Comments”

123mTe LNHB —

127 LNHB -

1251 PTB —

1291 KRI Second unique forbidden B~ transition to the 1/2* ground state of ??Xe has not been

observed. Although an upper limit for the intensity of this B~ branch was obtained
experimentally in 1954, further refinement is required because the recommended
Py(39.58 ke V) depends on this parameter.

1317 LNHB —

B4Cs USP/LBNL -

B7Cs INL/PTB —

¥ Ba KRI -

Ce INL/PTB —

HiCe PTB -

144Ce-144pr PTB —

153§m INL/PTB Significant uncertainties exist in the detail and accuracy of the proposed decay
scheme. Therefore, y ray measurements are recommended to help resolve these
issues, particularly with respect to the lower energy transitions (<100 keV).

1S2By USP/LBNL —

5Eu KRI -

15Ey KRI Weak overlap between the two most accurate measurements of an important decay
parameter for **Eu [P,(86.548 keV) = 0.305 (3) and 0.311 (4)] prevents accurate
determinations of the absolute X and y ray emission probabilities. Further studies are
warranted in order to achieve a more precise recommendation for P7(86.548 keV).

“Ho PTB -

166mH PTB Only one known published measurement of the half-life in 1965.

0Tm KRI Half-life measurements before 1970 are discrepant, and further studies are warranted.

19yb PTB/LNHB —

1921y LBNL Recommended relative y ray emission probabilities were deduced from 11
measurements. Absolute emission probabilities were derived from the decay scheme
using relative emission probabilities and theoretical conversion coefficients.
Calculated KX ray probabilities agree well with measured values and confirm the
consistency of the decay scheme.

1% Au PTB —

WHg AEA —

2001 PTB —

207Bi LNHB -

226Ra INL —

decay chain

228Th AEA ***Ra decay: P,(240.986 keV) of 0.0412(4) was derived from the relatively large

decay chain number of direct y ray measurements. However, a particle measurements and their

adoption in decay scheme calculations gave P, (240.986 keV) of 0.0390(3). While the
y ray measurements were assumed to be more reliable in the evaluation, further o
particle and y ray studies are required to resolve this significant discrepancy between
the two spectroscopic techniques.



TABLE 2. DECAY DATA EVALUATIONS AND COMMENTS (cont.)

Radionuclide Evaluation Comments”

2ampy AEA The recommended P, (1001 keV) of 0.00832(10) was based on a series of extensive
measurements in the 1980/1990s. However, three of these studies gave significantly
higher values (by ~10%, at approximately 0.0091) than the other six measurements.
Further studies are warranted to aid in the resolution of this discrepancy.

2 Am KRI Although observed, some yray transitions have scarcely been studied (27.03, 54.1 and
95.0 keV), which leads to poor intensity balances for some nuclear levels.
Measurements of y ray and conversion electron emission probabilities are required
for these y transitions.

2 Am LBNL/INL —

* Further details of specific evaluations can be found in Annex II.
AEA: AEA Technology, UK.

INL: Idaho National Laboratory, USA.

KRI:  V.G. Khlopin Radium Institute, Russian Federation.
LBNL: Lawrence Berkeley National Laboratory, USA.

LNHB: Laboratoire National Henri Becquerel, France.

NPL: National Physical Laboratory, UK.

PTB: Physikalisch-Technische Bundesanstalt, Germany.

USP Universidade de Sao Paulo, Brazil.



3. DATA EVALUATIONS

Data were evaluated from the public
literature and laboratory reports published over a
considerable period of time. Possible omissions of
individual values had to be justified on the basis of
their quality or other specific grounds. Following an
initial assessment of the existing half-life and y ray
emission probability data, members of the CRP
noted that:

(a) Certain half-lives and emission probabilities
would benefit from further measurements
(specific cases are noted in Table 2);

(b) Considerable efforts were expended to ensure
consistency between the data recommended
by the various evaluators.

Evaluation procedures were developed as outlined
briefly below and detailed in Annex I and Ref. [7].

The recommended value consisted of the
weighted average of the published values in which
the weights were taken to be the inverse of the
squares of the overall uncertainties. A set of data
was self-consistent if the probability of > exceeding
the calculated value was 1% or less. When the data
in a set were inconsistent and there were three or
more values, the method of limitation of the relative
weight proposed by Zijp [10] was recommended.
The sum of the individual weights was computed; if
any one weight contributed over 50% of the total
the corresponding uncertainty was increased so that
the contribution of the value to the sum of the
weights would be less than 50%. The weighted
average was then recalculated and used if the
probability of x> exceeding the recalculated value
was greater than 1%; otherwise the weighted or
unweighted mean was chosen according to whether
or not the 1 ¢ uncertainty on each mean value
included the other term. The basis for the latter
choice is that it may be unreasonable to use the
weighted average if the data do not comprise a
consistent set.

It was not considered necessary to carry out
evaluations of the X and y ray energies because the
photon energies are only required to the nearest 1
or 0.1 keV for detector efficiency calibrations and
the other specified applications. However, for
completeness it was decided to include the best
available energy values, many of which have been
precisely measured and evaluated. A significant

number of the energy values quoted in this report
were taken from Ref. [11]; original references were
cited when data were not available from this source.

A v transition occurs when a nucleus in an
excited state de-excites to a lower energy level,
leading to the emission of a y ray and conversion
electron (and electron—positron pair when energy
conditions permit). The total y transition probability
is defined as:

Pp=F+F +F’

where B, F, and P, are the y ray, conversion
electron and electron-positron pair emission proba-
bilities per decay, respectively (see Annex I).
Internal conversion coefficients are often used in
the evaluation of y ray emission probabilities, either
directly in the determination of a particular
emission probability or in testing the consistency of
the decay scheme. The total conversion coefficient
is given by:

al

ol = Ol + 0 + Oy + e =P,/P,
where o, o; and ¢, are the K, L and M internal
conversion coefficients, respectively, and:

P = PTP

=
1+ atotal

Theoretical internal conversion coefficients were
normally taken from Refs [12, 13]; when necessary
these data were obtained by interpolation using a
computer program written at LNHB [14].

3.1. HALF-LIVES

All recommended half-lives are based on the
evaluation of these quantities, incorporating both
old and newly measured values and the
methodology outlined above. The exclusion of
measured values and modifications to the uncer-
tainties are noted for each radionuclide. When a
laboratory has published more than one measured
value, only the most recent value has been used.
Furthermore, if sufficient data are available no
measurements published prior to 1968 have been



included in the evaluation. Such an approach
maintains consistency with the procedure adopted
in the earlier CRP and corresponds to the
approximate date after which high resolution y ray
spectrometers became generally available. This
latter development allowed experimentalists to
determine impurities to levels that were signifi-
cantly more accurate than previously achieved.

3.2. X RAY EMISSIONS

X ray emissions originate from the creation of
inner shell vacancies and the subsequent reorgani-
zation of the unstable atomic shells. Orbital electron
capture by the nucleus and internal conversion of y
rays can produce these inner shell vacancies during
radioactive decay.

X ray energies were not evaluated but taken
from Refs [15, 16]. The intensity per decay of the
KX ray emission is given by:

o

Pyx = {ZPEC (Ei)PK (Ei)+zi:bi [1+1;t ]l}(‘)K
for any particular decay scheme, where P,.(E;) and
Py(E)) are the capture probabilities to the energy
level E; by total electron capture and K electron
capture, respectively; oy and ¢, are the K shell and
total internal conversion coefficients, respectively;
b, is the branching fraction for the i y ray transition,
and oy is the K shell fluorescence yield. The
relevant data were evaluated so that Ko, Ka,, K
and the total KX ray emission probabilities could be
calculated for all Z; in addition, further subdivisions
were made for a few nuclides.

A similar equation can be used to calculate
LX ray emission probabilities. However, these
values depend on the mode of vacancy production
in the three L subshells, which is different for
internal conversion and electron capture by the
nucleus. Furthermore, interpretation of LX ray data
may be complicated by the transfer of the primary
vacancies between the L subshells due to Coster—
Kronig transitions.

Note that the X ray peaks differ in shape from
y ray peaks when measured with semiconductor
detectors, due to the larger natural line widths of X
rays. This can result in calibration errors of several
per cent when using the same procedure to analyse
both X ray and y ray data for high atomic number
radionuclides.

10

33. GAMMA RAY EMISSION
PROBABILITIES

Various methods can be used to obtain
evaluated y ray emission probabilities. For example,
the emission probabilities of ®°Co are calculated
from the decay scheme using various parameters
(notably the internal conversion coefficients),
rather than direct y ray measurements.

The y ray emission probabilities of other
radionuclides are derived primarily from vy ray
measurements, as for example in the case of '“Eu,
where a large number of sets of spectral data were
included in the evaluation. This extensive study of
'2Eu emission rates originated as a result of an
earlier intercomparison programme carried out
under the auspices of the ICRM. Similar intercom-
parisons have been organized for other radionu-
clides under the auspices of the ICRM and are
included in the relevant evaluations.

New experimental data have been generated
for the high energy y ray emitters **Co [17], ®*Ga
[18] and ***Ra decay chain [17]. Furthermore, above
an energy of 5 MeV, measured and evaluated data
were adopted from a select number of radiative
neutron and proton reactions [17, 19, 20], as
discussed in Section 3.4.

3.4. HIGH ENERGY GAMMA RAYS

Nuclear reactions have been used to extend the
recommended y ray data for detector efficiency
calibrations beyond 5 MeV. Although other reactions
were assessed in this study, only y ray emissions from
thermal neutron capture, resonance proton capture
and continuum proton capture reactions were known
to the desired accuracy for the applications under
consideration. The reactions adopted as y ray
calibration standards are as follows:

14N(n, ,Y)ISN*
3Cl(n, y)°CI*
®Ti(n, y)¥Ti*
30.52.3Cp(p, ) 5 HCp
and ""B(p, y)?C*
23 240 [
Na(p, v)"Mg
27Al(p, y)ZSSi*

Gamma ray energies were adopted from the
most accurate values quoted in the literature. The
emission probabilities of the most prominent high
energy y rays were determined by means of the



weighted mean method in the case of consistent
data sets, as described above. All of the resulting
data are listed in Annex IIL

3.5. COINCIDENCE METHOD

The coincidence method offers the possibility
of determining absolute y ray detection efficiency
without having to use an absolutely calibrated y ray
source. A second y ray detector is operated in
coincidence with a calibrated detector to study
radionuclides that emit two cascading y rays.
Suitable sources with two strong cascading y rays
were identified from Table 1: >*Na, *Sc, ®Co, **Ga,
3Se, 8Y, *Nb, ""In, 1**Cs, ' Eu and *"’Bi. Angular
correlation coefficients for these nuclei were
evaluated, covering the energy range from 136 keV
to 2.75 MeV. These data are brought together in
Annex I'V.

3.6. COVARIANCES AND STATISTICAL
CORRELATIONS

As with many other physical quantities, decay
data may be statistically correlated. However,
currently available data do not generally allow for
proper evaluations of the correlation coefficients.
Although these coefficients have been shown to be
negligible in the few cases in which they have been
calculated, this observation arises from the nature
of the decay schemes analysed and should not be
taken as a normal characteristic of decay data.
Rather, strong statistical correlations are expected
to occur in many cases.

An evaluation of the covariances requires
data reduction to be performed by the least squares
method (the main formulae are given in Annex V
along with an example of such an analysis).
Absolute y ray emission probabilities and relative
intensities are handled differently, although both
sets of resulting correlations arise from the
statistical dependence on the common efficiency
curve and normalization factor (NF). A, is the
observed peak area for gamma ray y, corrected for
summing, absorption, pile-up, etc., and V, is their
covariance matrix (usually diagonal, and containing
the variances in the peak areas). The detector peak
efficiency for vy, is ¢, and V, represents their

covariance matrix calculated from the covariance
matrix of the fitted parameters. The intensity of
can be determined from the formula:

JR—
I NF(A,e,7)e,

where the normalization factor (NF) usually
depends on many peak areas and efficiencies, as
well as on some other quantities represented by z
that are assumed to be independent of A and & For
example, if relative intensities are being considered,
the NF is expressed as:

AY
1 e

r-r

NF (A,e)=

where [, is the intensity chosen for the reference line
(identified by subscript r). The variance matrix of
the intensities is given by:

V,=FV,F'+ GV,G'

where F and G are matrices defined as:

al, ol.
F =—tand G, =—+
" 0A, voooe)’

in which the derivatives are calculated with the
experimental values of the peak areas and
efficiencies. When relative intensities are being
analysed, the expression for /, must be replaced by
the formula for NF, The set of intensities and
associated covariance matrix is the only information
required for absolute emission probabilities, while
the normalization factor should be rescaled from
NF, to I, for presentation of the relative intensities
and full covariance matrix (see Section V-7 of
Annex V).

Therefore, when reporting experimental
gamma ray intensities, their covariance matrix V;
must be given. While covariances between the
emission probabilities in calibration standards can
be neglected in many cases, the covariances arising
from the uncertainties in the activities of multi-
gamma ray calibrated sources must be taken into
account.
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4. CONCLUSIONS

A set of recommended half-life and emission

probability data has been prepared by the TAEA
CRP to update X ray and yray decay data standards
for detector calibration and other applications. The
results of this work represent a further significant
improvement in the quality of specific decay
parameters required for the efficiency calibration of
X and y ray detectors.

(a)
(®)

(d)

The accomplishments of the CRP include:

Re-evaluations of all existing relevant data
from the 1986-1990 programme;

Extension of the recommended database to
satisfy the needs of a number of important
applications;

Specific measurements, particularly with
respect to high energy y ray emissions;
Preparation of this report in two volumes
which and document the
recommended decay data for X and y ray
detector efficiency calibration and other
applications.

summarize

One important expectation is that the

resulting data will be internationally accepted as a
significant contribution to improving the quality of
X and vy ray spectroscopy over a range of
applications.

(1]
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Annex I

EVALUATION PROCEDURES

M.-M. Bé

Commissariat a ’Energie Atomique, France

I-1. DATA SOURCES

Two main sources of data are used to obtain the
recommended half-lives and emission probabilities:

(1) Specific data evaluated from all available
original publications (e.g. half-life);

(2) Data already evaluated by specialists and
compiled (e.g. Q values); if a new experi-
mental study exists, the resulting measure-
ments may be taken into account and the
corresponding reference is included in the list
of references for the relevant radionuclide.

I-2. EVALUATION RULES

Not all intermediate stages in the compilation
and evaluation of a decay parameter are presented
in detail, in order to avoid unnecessary complexity.
These stages comprise the following:

(a) 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;

(b) Data obtained through private communica-
tions are only used when all of the necessary
information has been provided directly by the
scientist carrying out the measurements;

(¢) Adjustments may be made to the reported
uncertainties;

(d) Recommended values are derived from an
analysis of all available measurements (or
theoretical considerations), along with the
combined standard uncertainty for a coverage
factor of 1 corresponding to the 1o confidence
level.

I-2.1. Evaluation of uncertainties
Definitions from Ref. [I-1]:

Uncertainty ~ (of  measurement):  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 uncertainties
o, and op through the general law of variance
propagation:

u, =+ +o? (I-1)

where

u, is the combined standard uncertainty,
o, is the type A standard deviation,
oy is the type B standard uncertainty.

When the authors give insufficient
information concerning their uncertainty calcula-
tions, the combined uncertainty u, may be estimated
by the evaluator based on a knowledge of the
measurement method(s).
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I-2.2. Determination of the best value and
associated uncertainty

1-2.2.1. Results obtained by one author using one
method

Sometimes only the final mean value and the
combined standard uncertainty are given in the
original publication. The following procedure is
adopted if sufficient details are known.

For n individual values a; (i = 1...n), the best
value is the arithmetical mean:

a.
a=) —+ -2

2 (1-2)
with type A standard deviation:

> (@-ar]"

n(n—1) 3

o,a)=

If there are m contributions oy, (j = 1...m) to
the type B standard uncertainty that are
independent of each other:

m h
oz(a) =[26éj] (I-4)
j=1
Combined standard uncertainty:
u (@) =\o(@)+05(@) (I-5)
Recommended value:
a=atu(a) (I-6)

1-2.2.2. Results obtained by several authors
employing the same method

For n individual values a;,(i=1 .. n) that
have standard deviation 6 4; and type B uncertainty
o5 the best value is obtained by taking the mean
weighted by the inverse of the variances:

> (@lo%) (1-7)
zi(l/of‘i)

a_:
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The associated values 6, and o are:

o,(a)= [2(1/0 gi)l% (1-8)

i

Op (‘zl) :2,-(0'31') _or

min

Op (‘:l)z zi(GBi)rznin or O-B(C:z)=(0-3)min

depending on the individual case, although o B(Z)
cannot be less than the smallest o,

6, and oy are combined quadratically to
determine u:

u, (@)= o @)+03 (a) (1-9)

and the recommended value is given by the
expression:

a=aztu,(a) (1-10)
1-2.2.3. 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
Zl’i"i
_ =l
n
2P
i=1

where the weights are p, =1/u?.
An internal and an external uncertainty can
be assigned to the mean value [1-2, [-3]:

a, (1-11)

o (a,)= {Z(l/ug )}/ (1-12)
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The internal variance o2, (aw) is the expected
uncertainty of the mean based on the individual a
priori variances u? (by uncertainty propagation).
The external uncertainty is given by the
equation:



5
> (a-a,) 1l |0 (1-13)
(n—l)Zl/ufl_

o-ext (aw) =

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 each given uncertainty y_.

A measure of the consistency of the data 1s

given by the ratio [I-2, I-3]:

O oxt /o-int = Zz/ (” - 1) (1_14)
If this ratio is significantly greater than unity, at
least one of the input data most probably has an
underestimated u, which should be increased.

A critical value of Yl(n-1) at the 1%
confidence level is used as a practical test for
discrepant data. Table I-1 lists critical values of
X /(n—1) for an increasing degree of freedom
v=N-1[14].

TABLE I-1. CRITICAL VALUES OF 4%(n - 1)
FOR AN INCREASING DEGREE OF
FREEDOM vy = N - 1 [I-4]

Critical Critical

v Y l(n-1) v v l(n-1)

1 6.6 12 2.2

2 4.6 13 2.1

3 3.8 14 2.1

4 33 15 2.0

5 3.0 16 2.0

6 2.8 17 2.0

7 2.6 18-21 1.9

8 2.5 22-26 1.8

9 2.4 27-30 1.7
10 2.3
11 22 >30 1+233\2/v

If )*/(n—1) < critical y*/(n—1), the recom-
mended value is given by:
a=a,*o,, (aw) (I-15)
If y%/(n - 1) > critical y*/(n - 1), the method of
limitation of the relative statistical weight [I-3, I-5] is

recommended when there are three or more values;
the uncertainty of a value contributing more than

50% to the total weight is increased to give a
contribution less than 50% (weighting factor
<0.50). The weighted and unweighted average and
critical y%/(n — 1) are then recalculated:

if x*/(n—-1)<critical y*(n-1), the recommended
value is given by:

a=a, *(the largerof o, (aw) and o, (aw)) (I-16)

If y’/(n—-1)>critical ¥*(n-1), the weighted or
unweighted mean is chosen, depending on whether
or not the uncertainties of the average values result
in overlap. 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, number of
emitted particles and some internal conversion
coefficients. All remaining data given in the tables
of recommended data are generally taken from
compilations.

I-2.3. Balanced decay schemes

All the probabilities for transitions and
emitted radiations correspond to balanced decay
schemes and permit the formulation of a fully
consistent set of values. This balance implies
obvious relationships, such as the following:

(a) The sum of the transition probabilities for
all the decay transitions (o, B, y, €) in the
horizontal plane of a decay scheme is equal
to 1 (or 100%); this ruling is valid for the
highest energies of the decay scheme where
only B (or a, €) transitions are relevant, and
for the lowest levels of the decay scheme
where sometimes only y transitions are
involved.

(b) Excited nuclear level — the sum of the
transition probabilities for transitions feeding
the level (o, PB...) is equal to the sum of
transition probabilities (including conversion
electrons) of those transitions depopulating
this level.

(c) When the relative emission probabilities
P(rel)yi of the y emission are known with
respect to one emission (y;), and no feeding to
the ground state from o, § and ¢ transitions is
assumed, all the absolute emitted photon
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numbers for the y emissions P(abs),; can be
calculated from the equation:

P(abs),, = P(rel), < (1-17)

where k is the normalization factor and is
determined from the equation:

kZP rel) (1+a ) (1-18)

where the sum represented by Eq. (I-18) covers
the y transitions feeding the ground state.

I-3. COMPILATIONS
I-3.1. Beta and electron capture transitions

Depending on the individual radionuclide,
transition energies are either evaluated on the basis
of experimental data (maximum [ energies) or
derived from the atomic mass differences obtained
from the tabulations of Wapstra et al. [I-6] and the
y transition energies. The average [ energies are
generally computed [I-7] and the values of log ft are
calculated from the tables of Gove and Martin [I-8],
as well as &/p" if possible.

Electron capture transition energies are
derived from the atomic mass differences and the
y transition energies. Capture probabilities Py, P; ...
can be calculated from equations where the ratios of
the radial wave function components of the electron
[I-9 to I-11] and the corrective terms for exchange
XK [1-12 to 1-16] are evaluated from tables.

I-3.2. Gamma transitions

Internal conversion coefficients (ICCs) of
pure transitions are evaluated and compared with
theoretical values, which are sometimes preferred if
the experimental data are extremely uncertain. The
theoretical values can be deduced from the tables of
either Rosel et al. interpolated with a cubic spline
method for 30 < Z <104 [I-17], or Band et al. for Z
<30 [I-18] in particular. The uncertainties of these
theoretical values are estimated to be 3%.

ICCs for some particular M1 and E2
transitions are calculated according to Ref. [I-19] in
order to account for the penetration effects.

Experimental mixing ratios are sometimes
used in conjunction with the available tables of

18

theoretical ICC data to derive the ICCs of multipole
transitions (e.g. M1 + E2):
2

Xim1+E2) = =(1-¢ ) 1) T0 "% (I-19)
wherei=K,L ... t.

o, coefficients are interpolated from
theoretical values [I-20] and the uncertainties are
assumed to be between 5 and 10%.

I-3.3. Level spins and parities

Level spins and parities are normally
extracted from Nuclear Data Sheets [I-21].

I-3.4. Atomic shell constants

K shell fluorescence yields @, and their
uncertainties are taken from the evaluation of
Bambynek et al. [[-22 to [-24] with uncertainties
ranging from 1% (Z > 35) to 10% (Z = 5), and from
subsequent experimental results.

Mean L shell fluorescence yields @, are taken
from the evaluation of Schonfeld and JanBen [I-25].
This evaluation includes both experimental [I-26 to
1-28] and theoretical values [I-29], and the relative
uncertainties are <4% (for Z > 29).

Mean M shell fluorescence yields @, are
obtained from the fitting of experimental data by
Hubbell [I-28, 1-30].

Relative X ray emission rates (Kp/Ka) are taken
from Schonfeld and JanBen [I-25], and Ko,/Ka,
from the theoretical values of Scofield [I-31]; uncer-
tainties are assumed to be of the order of 1%.

X ray radiation energies are taken from the
tables of Bearden [I-32].

Relative emission probabilities of K-Auger
electron groups are deduced from the X ray ratio,
with uncertainties of the order of 3% [I-25].

Energies of the K and L-Auger electrons are
taken from Larkins [I-33].

The mean number of vacancies created in the
L shell (from one K hole) ng,; and in the M shell
(from one L hole) 7, ,, are estimated from the
preceding values.

I-3.5. m,c* energy

myc® energy is defined as 510.998902(21) keV,
as given by the CODATA Group [I-34].
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Annex II

EVALUATIONS AND ORIGINS OF THE RECOMMENDED DECAY DATA

This annex contains the recommended decay
data derived by means of the agreed evaluation
procedures and methodology. All relevant data have
been evaluated to produce values recommended for
detector efficiency calibration and other applications.
Half-lives, X ray emission probabilities and yray
emission probabilities are listed for each radionuclide
considered by the CRP. Source references are also
given for these evaluations.

The data uncertainties are defined as standard
deviations corresponding to the 1o confidence level.
These uncertainties are expressed in terms of the
last digits of the recommended value, for example:

78.3(9) means 78.3 £0.9, and 56.2(12) means 56.2+1.2

22Na

Half-life evaluated by M.J. Woods (National
Physical Laboratory, UK), September 2003.

Decay scheme evaluated by R.G. Helmer
(Idaho  National Laboratory, USA) and
E. Schonfeld (Physikalisch-Technische Bundesan-
stalt, Germany), January 1999.

Recommended data
Half-life

T, = 950.57(23) d

REFERENCES — HALF-LIFE

[H1] UNTERWEGER, M.P, HOPPES, D.D., SCHIMA,
FJ., Nucl. Instrum. Methods Phys. Res. A312 (1992)
349.

[H2] RUTLEDGE, A.R., SMITH, L.V., MERRITT, J.S,,
AECL-6692 (1980).

[H3] HOUTERMANS, H., MILOSEVIC, (O
REICHEL, FE, Int. J. Appl. Radiat. Isot. 31 (1980)
153.

SELECTED GAMMA RAYS

E, (keV) P, per decay
511 1.798(2)
1274.537(3) 0.99940(14)¢

*  Annihilation radiation emission probability is taken to be

twice (x 2.0) the positron emission probability; however,
the emission probability for 511 keV photons will be
somewhat lower due to annihilation in flight of some of
the positrons.
® From Ref. [1].
Emission probability for the 1274 keV gamma ray is equal
to the feeding of this level because the internal conversion
is negligible; feeding of this level is determined from the
measured ratio of 1600(400) from Ref. [2] of the positron
feeding to the 1274 keV level and to the ground state, and
the theoretical electron capture to positron ratios of &/
B+(1274 ke V) = 0.1125 (12) and &/B+(0) = 0.01786(18), as
computed by the LOGFT code.

Input data

HALF-LIFE

Half-life (d) Reference
950.97(15) [H1]
950.30(27) [H2]
950.34(13) [H3]

950.57(23)

REFERENCES — RADIATIONS

[1] HELMER, R.G., VAN DER LEUN, C., Nucl.
Instrum. Methods Phys. Res. A450 (2000) 35.
[2] WRIGHT, B.T., Phys. Rev. 90 (1953) 159.

Detailed tables and comments can be found on
http://www.nucleide.org/DDEP_WG/DDEPdata.htm
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24Na

Half-life evaluated by M.J. Woods (National
Physical Laboratory, UK), September 2003.

Decay scheme evaluated by R.G. Helmer
(Idaho  National Laboratory, USA) and
E. Schonfeld (Physikalisch-Technische Bundesan-
stalt, Germany), November 2001.

Recommended data
Half-life

Ty, = 0.62329(6) d

SELECTED GAMMA RAYS

E, (keV)* P, per decay
1368.626(5) 0.999935(5)°
2754.007(11) 0.99872(8)¢

* From Ref. [1].
* From:
P,(1368 keV) = [1.00 — P (4237 keV) - P (4122 keV) -
P,(5236 keV)]/[1.0 + a(1368 keV) + 0, (1368 ke V)] where the
latter two y rays have not been observed; the measured limits
for these two y rays are P/(4122 keV) <0.00001 [2],
<0.000009 [3, 4] and P,(5236 keV) <0.0000023 [2] and
0.0000002 3, 4]; P, (4237 keV) = 0.0000084(10) from [3].
Both the internal and pair conversion coefficients for the
vy rays above 4000 keV are negligible, while o = 0.0000104(3)
[5] and o, = 0.000045(4) for the 1368 keV y ray [6]. Adopting
these values, P,(1368 keV) is determined to be 0.999990(3)/
1.000055(1).
¢ emission probability of the 2754 keV y ray is calculated
from the balance condition:
P,(2754 keV) =
{P,(1368 keV) x [1.0 + (1368 keV) + 0,(1368 keV)] -
[P, (2869 keV) + P,(3867 ke V) + Py (1368 ke V)]}/
[1.0 + a(2754 ke V) + (2754 ke V).
Gamma ray emission probabilities are P (3867 keV) =
0.00056(7) from an average of the values from [3, 7-10],
and P (2869 keV) = 0.0000024(3) from P (2869 keV)/
P (4237 keV) = 0.284(7) from average of values
determined from **Na(p, y) and **Mg(n, n'y) reactions [2,
3, 11-14]. P, (1368 ke V) = 0.00003(2), where the value is
from Ref. [15] and the uncertainty has been assigned by
the evaluator. Internal conversion gives a negligible
contribution from the 2869 and 3867 keV y rays, while for
the 2754 keV y ray, a = 0.0000028(1) [5] and o, =
0.00068(4) [6], yielding P (2754 keV) = 0.99940(7)/
1.00068(4). '

22

Input data

HALF-LIFE

Half-life (d) Reference
0.623483(167) [H1]
0.61924(486) [H2]
0.6208(9)* [H3]
0.62613(9)* [H4]
0.62323(12) [H5]
0.62317(11) [H6]
0.62354(42) [H7]
0.623292(50)" [HS]
0.62350(63) [HI]
0.62542(117) [H10]
0.6288(25) [H11]
0.6237(5)° [H12]
0.62625(13)* [H13]
0.62329(6)

a

b

Rejected as an outlier.

Uncertainty increased to (71) to ensure a weighting
factor not greater than 0.50.

Weighted mean of six published values.

REFERENCES — HALF-LIFE

[H1] UNTERWEGER, M.P, LINDSTROM, R.M,
Appl. Radiat. Isot. 60 (2004) 325.

[H2] MIGNONSIN, E.P, Appl. Radiat. Isot. 45 (1994)
17.

[H3] BODE, P, AMMERLAAN, M.JJ, KOESE, M.,
Appl. Radiat. Isot. 42 (1991) 692.

[H4] ABZOUZI, A., ANTONY, M.S, NDOCKO
NDONGUE V.B,, J. Radioanal. Nucl. Chem. Lett.
135 (1989) 1.

[H5] WALZ, K.F., DEBERTIN, K., SCHRADER, H.,
Int. J. Appl. Radiat. Isot. 34 (1983) 1191.

[H6] LAGOUTINE, FE, LEGRAND, J, Int. J. Appl.
Radiat. Isot. 33 (1982) 711.

[H7] RUTLEDGE, A R., SMITH, L.V, MERRITT, I.S,,
Rep. AECL-6692 (1980).

[H8] HOUTERMANS, H., MILOSEVIC, O,
REICHEL, F, Int. J. Appl. Radiat. Isot. 31 (1980)
153.

[H9] MUCKENHEIM, W., RULLHUSEN, P, SMEND,
F., SCHUMACHER, M., Nucl. Instrum. Methods
173 (1980) 403.

[H10] DAVIS, M.C., BOWMAN, W.C., ROBERTSON,
J.C., Int. J. Appl. Radiat. Isot. 29 (1978) 331.

[H11] GENZ, H., et al., Nucl. Instrum. Methods 134
(1976) 309.

[H12] CHAKROBORTY, S, Radiochem. Radioanal.
Lett. 17 (1974) 61.



[H13] EMERY, JF, REYNOLDS, SA. WYATT, E.L,
GLEASON, G.L, Nucl. Sci. Eng. 48 (1972) 319.

REFERENCES — RADIATIONS

[1] HELMER, R.G., VAN DER LEUN, C., Nucl
Instrum. Methods Phys. Res. A450 (2000) 35.

[2] WARBURTON, EK., LISTER, CJ,
ALBURGER, D.E., OLNESS, J.W,, Phys. Rev. C23
(1981) 1242.

[3] RAMAN, S, GOVE, NB, DICKEN, JK,
WALKIEWICZ, T.A., Phys. Lett. 40B (1972) 89.

[4] ENDT, PM., VAN DER LEUN, C., Nucl. Phys.
A105 (1967) 1.

[S] BAND, IM., TRZHASKOVSKAYA, M.B,
LISTENGARTEN, M.A., At. Data Nucl. Data
Tables 18 (1976) 433.

[6] SCHLUTER, P, SOFF, G., At. Data Nucl. Data
Tables 24 (1979) 5009.

[71 ARTAMONOVA, K.P, GUSTOVA, L.V,
PODKAPAEYV, YN, CHUBINSKII, O.V., Sov.
Phys. JETP 12 (1961) 1109.

[8] MONAHAN, JE., RABOY, S., TRAIL, C.C., Nucl.
Instrum. Methods 17 (1962) 225.

[9] VAN KLINKEN, J, PLEITER, FE., DIJKSTRA,
H.T., Nucl. Phys. A112 (1968) 372.

[10] LEBOWITZ, J., SAYRES, A.R., TRAIL, C.C,,
WEBER, B., ZIRKIND, PL., Nuovo Cimento 65A
(1970) 675.

[11] MEYER, M.A., REINECKE, J.PL., REITMANN,
D., Nucl. Phys. A185 (1972) 625; Erratum, Nucl.
Phys. A196 (1972) 635.

[12] LECCIA, E, ALCONARD, M.M., CASTERA, D.,
HUBERT, P, MENNRATH, P, J. Phys. 34 (1973) 147.

[13] BRANFORD, D., Austral. J. Phys. 26 (1973) 1995.

[14] BOYDELL, S.G., SARGOOD, D.G., Austral. J.
Phys. 28 (1975) 369.

[15] TURNER, JF, CAVANAGH, PE., Phil. Mag. 42
(1951) 636.

Detailed tables and comments can be found on
http://www.nucleide.org/DDEP_WG/DDEPdata.htm

40K
Half-life evaluated by M.J. Woods (National
Physical Laboratory, UK), September 2003.
Decay scheme evaluated by R.G. Helmer
(Idaho National Laboratory, USA), July 1998.
Recommended data

Half-life

T, =4.563(13) x 10'' d

SELECTED GAMMA RAY

E, (keV) P, per decay

1460.822(6)" 0.1066(13)°

4 From Ref. [1].

b 4K decays by both e+p+ and B— modes, and 1460.8 keV
y ray follows & decay. From Ref. [2], 1 (1460 keV)/1;
=0.1195(14) and I;/I; = 1.12(14). B+ decay occurs
directly to the ground state of “’Ar, so the total ground
state feeding can be computed from the &/f+ ratio for
this third forbidden transition. However, the available
codes calculate this value for only allowed, first
forbidden and second forbidden transitions. Evalu-
ator's estimate of the &/p+ ratio for the third forbidden
transition is 200(100). Hence, the y ray emission proba-
bility is I,(1460 keV)/[1.0 + a(1460 keV) + a, (1460
keV)] =0.1066(13)/1.000102(5), where the internal
conversion coefficient of 0.0000295(9) is interpolated
from the tables of Ref. [3] and the pair-production
coefficient of 0.000073(5) is interpolated from the
tables of Ref. [4].

SELECTED X RAYS

Origin Ey (keV) Py per decay
Ar K 2.96-3.19 0.00997(22)
Input data

HALF-LIFE

Half-life (d) Reference
4.558(11) x 101 [H1]
4.558(8) x 101 @ [H2]
4.624(26) x 101 [H3]

4563(13) x 10"

a

Uncertainty increased to (11) to ensure a weighting
factor not greater than 0.50.

REFERENCES — HALF-LIFE

[H1] KOSSERT, K., GUNTHER, E., Appl. Radiat. Isot.
60 (2004) 459.

[H2] GRAU MALONDA, A., GRAU CARLES, A,
Appl. Radiat. Isot. 56 (2002) 153.

[H3] LEUTZ, H., SCHULZ, G., WENNINGER, H., Z.
Phys. 187 (1965) 151.
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REFERENCES — RADIATIONS

[1] HELMER, R.G., VAN DER LEUN, C., Nucl.
Instrum. Methods Phys. Res. A450 (2000) 35.

[2] ENDT, PM., VAN DER LEUN, C., Nucl. Phys.
A214 (1973) 1.

[3] BAND, IM. TRZHASKOVSKAYA, M.B,
LISTENGARTEN, M.A., At. Data Nucl. Data
Tables 18 (1976) 433.

[4] SCHLUTER, P, SOFF, G., At. Data Nucl. Data
Tables 24 (1979) 5009.

Detailed tables and comments can be found on
http://www.nucleide.org/DDEP_WG/DDEPdata.htm
46Sc

Half-life evaluated by M.J. Woods (National
Physical Laboratory, UK), September 2003.

Decay scheme evaluated by R.G. Helmer
(Idaho National Laboratory, USA), February 2001.
Recommended data

Half-life

Ty, =83.79(4) d

SELECTED GAMMA RAYS

E, (keV) P, per decay
889.271(2)* 0.999833(5)°
1120.537(3)° 0.99986(+4-36)°

4 From Ref. [1].

® Emission probability is [1.00 — P,(2009 keV)]/[1.00 +
(889 keV)] = 0.99999987(10)/1.000167(5), where the
emission probability of the 2009 keV y ray is
0.00000013(10) from Ref. [2] and the internal conver-
sion coefficient of 0.000167(5) is interpolated from
Ref. [2]; B branch to the ground state is assumed to be
negligible (fourth forbidden transition).

¢ emission probability is: [I, (2009 keV) - P, (2009 ke V)]/
[1.0 + a(1120 keV) + a,(1120 keV)] = 0.99996 (+4-36)/
1.000095(3); p branch to the 889 keV level is taken to be
0.00004 (+36-4) from consideration of several meas-
urements [3-6]; internal conversion coefficient is
0.000095(3); internal pair coefficient of 0.0000022(4) is
from Ref. [7].

24

SELECTED X RAY

Origin Ey (keV) Py per decay
Ti K 451 0.000047(2)
Input data

HALF-LIFE

Half-life (d) Reference
83.831(66) [H1]
83.73(12) [H2]
83.752(15) [H3]
83.819(6)* [H4]
83.79(6) [H5]
84.34(13)° [Ho]
83.691(84) [H7]
83.79(4)

4 Uncertainty increased to (14) to ensure a weighting

factor not greater than 0.50.
> Rejected as an outlier.

REFERENCES — HALF-LIFE

[H1] UNTERWEGER, M.P, HOPPES, D.D., SCHIMA,
FJ., Nucl. Instrum. Methods Phys. Res. A312 (1992)
349.

[H2] WALZ, K.FE, DEBERTIN, K., SCHRADER, H.,
Int. J. Appl. Radiat. Isot. 34 (1983) 1191.

[H3] RUTLEDGE, A.R., SMITH, L.V., MERRITT, J.S.,
Rep. AECL-6692 (1980).

[H4] HOUTERMANS, H, MILOSEVIC, (O
REICHEL, F, Int. J. Appl. Radiat. Isot. 31 (1980)
153.

[H5] OLOMO, JB., MacMAHON, T.D., J. Phys. G6
(1980) 367.

[H6] CRESSY, PJ., Jr., Nucl. Sci. Eng. 55 (1974) 450.

[H7] BAMBYNEK, W., BORTELS, G.,, REHER, D.,
EUR 4855E (1972).

REFERENCES — RADIATIONS

[1] HELMER, R.G, VAN DER LEUN, C., Nucl
Instrum. Methods Phys. Res. A450 (2000) 35.

[2] BAND, IM. TRZHASKOVSKAYA, M.B,
LISTENGARTEN, M.A., At. Data Nucl. Data
Tables 18 (1976) 433.

[3] KEISTER, G.L., SCHMIDT, EH., Phys. Rev. 93
(1954) 140.



[4] WOLFSON, J.L., Can. J. Phys. 34 (1956) 256.

[S] MOON, M.L., WAGGONER, M.A., ROBERTS,
A., Phys. Rev. 79 (1950) 905.

[6] SORENSEN, B.N.,, DALE, BM., KURBATOV,
J.D., Phys. Rev. 79 (1950) 1007.

[7] SCHLUTER, P, SOFF, G., At. Data Nucl. Data
Tables 24 (1979) 509.

Detailed tables and comments can be found on
http://www.nucleide.org/DDEP_WG/DDEPdata.htm

Slcr

Half-life evaluated by M.J. Woods (National
Physical Laboratory, UK), September 2003.

Decay scheme evaluated by E. Schonfeld
(Physikalisch-Technische Bundesanstalt, Germany)
and R.G. Helmer (Idaho National Laboratory,
USA), February 2000.

Recommended data

Half-life

Ty, = 27.7009 (20) d

SELECTED GAMMA RAY

E, (keV) P, per decay

320.0835(4)° 0.0987(5)°

* From Ref. [1].
® From direct emission probability measurements.

SELECTED X RAYS

Origin Ey (keV) Py per decay
\% Ka 4.94-4.95 0.202(3)
\% KB 5.43-5.46 0.0269(7)

Input data

HALF-LIFE

Half-life (d) Reference
27.7010(12)° [H1]
27.71(3) [H2]
27.704(3) [H3]
27.690(5) [H4]
27.72(3) [H5]
27.703(8) [Ho]
27.75(1) [H7]
28.1(17)° [HS]
27.76(15)° [HY]
27.80(51)° [H10]
27.7009(20)

4 Uncertainty increased to (25) to ensure a weighting

factor not greater than 0.50.

® Rejected as an outlier.

REFERENCES — HALF-LIFE

[HI] UNTERWEGER, M.P, HOPPES, D.D., SCHIMA,
F.J., Nucl. Instrum. Methods Phys. Res. A312 (1992)
349.

[H2] WALZ, K.F., DEBERTIN, K., SCHRADER, H.,
Int. J. Appl. Radiat. Isot. 34 (1983) 1191.

[H3]RUTLEDGE, A.R., SMITH, L.V., MERRITT, J.S,,
Rep. AECL-6692 (1980).

[H4] HOUTERMANS, H., MILOSEVIC, 0.,
REICHEL, F, Int. J. Appl. Radiat. Isot. 31 (1980)
153.

[HS]LAGOUTINE, FE, LEGRAND, J., BAC, C., Int. J.
Appl. Radiat. Isot. 26 (1975) 131.

[H6] TSE, C.W., MUNDY, JN., McFALL, W.D., Phys.
Rev. C10 (1974) 838.

[H7] VISSER, C.J., KARSTEN, JH.M., HAASBROEK,
FJ., MARALIS, PG., Agrochemophysica 5 (1973)
15.
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1464 (1973) 14.

[H9] EMERY, JF, REYNOLDS, S.A., WYATT, E.L,
GLEASON, G.I, Nucl. Sci. Eng. 48 (1972) 319.

[HI0) BORMANN, M., BEHREND, A., RIEHLE, I,

VOGEL, O., Nucl. Phys. A115 (1968) 309.
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GAMMA RAY: MEASURED AND EVALUATED ABSOLUTE EMISSION PROBABILITY

Ey (keV) [1] 2] [3] [4] [5] [6] [7]
320.0835 0.098(6) 0.09(1) 0.0972(15)  0.102(6)  0.0975(20)  0.102(10)
Ey (keV) [1] [8] [9] [10] Evaluated
320.0835 0.0985(9) 0.1030(19) 0.0986(8)  0.0987(5)

Evaluated emission probabilities are the SMn

weighted averages calculated according to the
limitation of the relative statistical weights method;
no value has a relative weighting factor greater than
0.50.
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(1955) 1272; Phys. Rev. 99 (1955) 1906.

[3] COHEN,S.G,, OFER, S., Phys. Rev. 100 (1955) 856.

[4] MERRITT, IS., TAYLOR, J.G.V., Rep. AECL-
1778 (1963) 31.

[S] DHINGRA, K.C., GUPTA, U.C., SIDHU, N.PS,,
Current Sci., India 34 (1965) 504.

[6] LEGRAND,J., Rep. CEA-R-2813 (1965).

[7] RIBORDY, C., HUBER, O., Helv. Phys. Acta 43
(1970) 345.

[8] SCHOTZIG, U., DEBERTIN, K., WALZ, KF,
Nucl. Instrum. Methods 169 (1980) 43.

[9] FISHER, S.A., HERSHBERGER, R.., Nucl.
Phys. A423 (1984) 121.

[10] BARTA, T., SZUCS, L., ZSINKA, A., Appl

Radiat. Isot. 42 (1991) 490.

Detailed tables and comments can be found on
http://www.nucleide.org/DDEP_WG/DDEPdata.htm
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Half-life evaluated by M.J. Woods (National
Physical Laboratory, UK), September 2003.

Decay scheme evaluated by R.G. Helmer
(Idaho  National Laboratory, USA) and
E. Schonfeld (Physikalisch-Technische Bundesan-
stalt, Germany), March 2001.

Recommended data
Half-life

Ty, =31229(26) d

SELECTED GAMMA RAY

E, (keV) P, per decay

834.838(5)° 0.999746(11)"

* From Ref. [1].

® Emission probability of the 834 keV gamma ray is:
(834 keV)/[1.00 + (834 ke V)] = 0.999997(3)/1.000251(11);
electron-capture branch to the ground state is estimated to
be 0.000003(3) from measurements of the limit of the
positron intensity to the ground state [2-4]. The internal
conversion coefficient is derived from an analysis of
experimental data [5], and is based on the measurement
reported in Ref. [6].

SELECTED X RAYS

Origin Ey (keV) Py per decay
Cr Ko 5.405-5.415 0.227(3)
Cr KB 5.947 0.0305(7)




Input data

HALF-LIFE

Half-life (d) Reference
312.6(5) [H1]
312.11(5) [H2]
312.028(34)" [H3]
312.6(8) [H4]
315.40(3)" [H5]
312.2(9) [H6]
312(5) [H7]
312.2(3) [HS]
312.99(5) [HY]
312.29(26)

a

Uncertainty increased to (35) to ensure a weighting

factor not greater than 0.50.

b

Rejected as an outlier.

REFERENCES — HALF-LIFE

HUH, C.A., LIU, L.F, J. Radioanal. Nucl. Chem.
246 (2000) 229.

MARTIN, R.H., BURNS, K..LW,, TAYLOR, J.G.V,,
Nucl. Instrum. Methods Phys. Res. A390 (1997)
267.

UNTERWEGER, M.P,, HOPPES, D.D., SCHIMA,
FJ., Nucl. Instrum. Methods Phys. Res. A312 (1992)
349.

CRESSY, PJ., Jr., Nucl. Sci. Eng. 55 (1974) 450.
VISSER, C.J., KARSTEN, JH.M., HAASBROEK,
FJ., MARAIS, P.G., Agrochemophysica 5 (1973)
15.

BOULANGER, J.P, Thesis, University of Paris
(1968); Rep. CEA-R-3590 (1969).

HAMMER, J.W., Z. Phys. 216 (1968) 355.
LAGOUTINE, E, GALLIC, Y.L., LEGRAND, J,,
Int. J. Appl. Radiat. Isot. 19 (1968) 475.

ZIMMER, WH., DAHL, R.E., Nucl. Sci. Eng. 32
(1968) 132.

REFERENCES — RADIATIONS

HELMER, R.G., VAN DER LEUN, C., Nucl
Instrum. Methods Phys. Res. A450 (2000) 35.
BERENYI, D., VARGA, D. VASVARI, B,
BRUCHER, E., Nucl. Phys. A106 (1968) 248.
SUR, B, et al., Phys. Rev. C39 (1989) 1511.

DA CRUZ, M.TF, et al., Phys. Rev. C48 (1993)
3110.

[S] HANSEN, H.H., European Appl. Res. Rep., Nucl.

Sci. Technol. 6 4 (1985) 777.
[6] HAMILTON, IJH., AMTEY, SR,

VAN

NOOIJEN, B, RAMAY YA, A.B.,, PINAJIAN, J.J.,

Phys. Lett. 19 (1966) 682.

Detailed tables and comments can be found on
http://www.nucleide.org/DDEP_WG/DDEPdata.htm

56Mn

Half-life evaluated by M.J. Woods (National

Physical Laboratory, UK), September 2003.

Decay scheme evaluated by A.L. Nichols
(IAEA and AEA Technology, UK), January 2004.

Recommended data
Half-life
T,, =0.107449 (19) d

SELECTED GAMMA RAYS

E, (keV) P, per decay
846.7638(19)* 0.9885(3)
1810.726(4)* 0.269(4)
2113.092(6)* 0.142(3)
2523.06(5)° 0.0102(2)

@ From Ref. [1] for equivalent decay of **Co.
® Derived from Ref. [2].

Input data

HALF-LIFE

Half-life (d) Reference
0.107454(4) [H1]
0.107350(33) [H2]
0.107438(8) [H3]
0.10779(25) [H4]
0.10742(33) [H5]
0.10771(4) [H6]
0.107449(19)

a

factor not greater than 0.50.

Uncertainty increased to (8) to ensure a weighting
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REFERENCES — HALF-LIFE

[H1] ANTONY, M.S., OSTER, D., HACHEM, A, J.
Radioanal. Nucl. Chem. Lett. 164 (1992) 303.

[H2] RUTLEDGE, A.R., SMITH, L.V., MERRITT, J.S,,
Rep. AECL-6692 (1980).

[H3] LAGOUTINE, E, LEGRAND, J., Nucl. Instrum.
Methods 112 (1973) 323.

[H4] EMERY, JLE, REYNOLDS, S.A., WYATT, E.L,
GLEASON, G.I., Nucl. Sci. Eng. 48 (1972) 319.

[HS5] GOODIER, I.W., WOODS, M.J., WILLIAMS, A.,
Chemical Data (Proc. Int. Conf. Canterbury, 1971),
HURRELL, M.L., Ed. (1971) 175.

[H6] SHER, A.H., PATE, B.D., Nucl. Phys. A112 (1968)
85.

GAMMA RAYS: MEASURED AND EVALUATED RELATIVE EMISSION PROBABILITIES

E, (keV) 3] [4] 5] 6] [7] 8] Evaluated
846.76 100(3)° 100(3)? 100(3)* 100(3)* 100(3)* 100.000(103)  100(3)
1810.73 30(3) 29.4(16) 28.6(15) 26.9(13) 27.5(8) 26.610(72)  272(4)°
2113.09 17.4(17) 16.0(9) 16.0(8) 14.3(7) 14.5(4) 13.956(53) 14.4(3)
2523.06 1.10(15) 1.6(5) 1.14(5) 1.01(5) 1.00(3) 1.025(9) 1.03(2)°

a

b

Arbitrarily assigned an uncertainty of 3%.

Recommended values are the weighted averages calculated according to the limitation of the relative statistical weights

method; no value has a relative weighting factor greater than 0.50.

Comments:

(a) The complete decay scheme was defined in
terms of seven [ transitions and ten y ray
emissions (only four with Py > 0.01, see above);
a comprehensive study of the full decay scheme
can be found on: http://www.nucleide.org/
DDEP_WG/DDEPdata.htm

(b) An additional y ray with an energy of
3119.3(5) keV was detected by Ref. [4], but
was discarded due to lack of evidence in all
other studies.

(c) NF for the y ray relative emission probabilities
was calculated by two methods:

— Beta population of all *Fe nuclear levels
derived from y ray population/depopu-
lation, and summed assuming 3~ decay to
the *°Fe ground state is zero (from consid-
eration of spin and parity (3" — 0%)):
> P, =101.163(1479) NF = 1.0
NF = 0.009885(145)

— Population of *Fe ground state by
y transitions, assuming B~ decay to °Fe
ground state is zero:
2P, (1+ o) NF=[P, (3369.84 keV)
+P (2959.92 keV) + P (2657.62 keV)

+ P (846.7638 keV) (1 + o) NF =1.0

28

Recommended value adopted from a combination of the normalized residuals and Rajeval methods [9].

101.163(23) NF = 1.0
NF = 0.009885(3)

Normalization factor of 0.009885(3) was
adopted as the more accurate determination.

REFERENCES — RADIATIONS

[1] HELMER, R.G, VAN DER LEUN, C., Nucl
Instrum. Methods Phys. Res. A450 (2000) 35.

[2] HUO JUNDE, Nucl. Data Sheets 86 (1999) 315.

[3] AUBLE, R.L., McHARRIS, W.C., KELLY, W.H.,
Nucl. Phys. A91 (1967) 225.

[4] SHER, A.H., PATE, BD., Nucl. Phys. A112 (1968)
85.

[S] ARDISSON, G.,, MARSOL, C., Nucl. Phys. A212
(1973) 424.

[6] HOFMANN,S., Z. Phys. 270 (1974) 133.

[7] TIRSELL, K.G., MULTHAUF, L.G., RAMAN, S,
Phys. Rev. C10 (1974) 785.

[8] MIYAHARA, H., OGATA, Y. FUJIKI, K,
KATOH, K., MARNADA, N., Appl. Radiat. Isot. 60
(2004) 295.

[9] MacMAHON, T.D., PEARCE, A., HARRIS, P,
Appl. Radiat. Isot. 60 (2004) 275.

Detailed tables and comments can be found on
http://www.nucleide.org/DDEP_WG/DDEPdata.htm



SSFe

Half-life evaluated by M.J. Woods (National
Physical Laboratory, UK), September 2003.

Decay scheme evaluated by M.-M. Bé
(Commissariat 2 I’Energie Atomique, France),
April 1998.

Recommended data

Half-life

T, = 10027 (23) d

SELECTED X RAYS

Origin Ey (keV) Py per decay
Mn L 0.556-0.721 0.0066(10)
Mn Ka, 5.8877 0.0845(14)
Mn Ko, 5.8988 0.1656(27)
Mn KB, 6.49-6.54 0.0340(7)

Emission probabilities have been computed
using the adopted values of oy = 0.321(7), o,
0.0053(4) from Ref. [1] and Py = 0.8853(16), P,
0.0983(13) from Ref. [2]; more details can be found
in Refs [3, 4].

Input data

HALF-LIFE

Half-life (d) Reference
1003.5(21) [H1]
995(3) [H2]
996.8(60) [H3]
1009.0(17) [H4]
1000.4(13) [H5]
1002.7(23)

REFERENCES — HALF-LIFE

[H1] SCHOTZIG, U., Appl. Radiat. Isot. 53 (2000) 469.

[H2] KARMALITSYN, NI, SAZONOVA, TE,
ZANEVSKY, A.V.,, SEPMAN, S.V.,, Appl. Radiat.
Tsot. 49 (1998) 1363.

[H3] MOREL, J, ETCHEVERRY, M., VALLEE, M.,
Nucl. Instrum. Methods Phys. Res. A339 (1994) 232.

[H4] HOPPES, D.D., HUTCHINSON, JM.R., SCHIMA,
FJ, UNTERWEGER, M.P, Rep. NBS-SP-626
(1982) 85.

[HS] HOUTERMANS, H., MILOSEVIC, O,
REICHEL, F, Int. J. Appl. Radiat. Isot. 31 (1980)
153.

REFERENCES — RADIATIONS

[I] SCHONFELD, E., JANSSEN, H., Nucl. Instrum.
Methods Phys. Res. A369 (1996) 527.

[2] SCHONFELD, E., Appl. Radiat. Isot. 49 (1998)
1353.

[3] BE, M.-M., et al, Table de Radionucléides,
Comments on Evaluations, CEA Saclay, Gif-sur-
Yvette (1999).

[4] BE, M.-M., et al., Table de Radionucléides, CEA
Saclay, Gif-sur-Yvette (1999).

Detailed tables and comments can be found on
http://www.nucleide.org/DDEP_WG/DDEPdata.htm

MFe

Half-life evaluated by M.J. Woods (National
Physical Laboratory, UK), September 2003.

Decay scheme evaluated by M.-M. Bé
(Commissariat 2 I’Energie Atomique, France),
January 2002.

Recommended data
Half-life
T,, =44.494(13) d

SELECTED GAMMA RAYS

E, (keV) P, per decay
142.651(2) 0.00972(15)
192.349(5) 0.0292(3)
1099.245(3) 0.5659(21)
1291.590(6) 0.4321(25)
SELECTED X RAY

Origin Ey (keV) Py per decay
Co Ka 6.92 0.000177(3)

Emission probability of K X ray was calculated from
the data set described on
http://www.nucleide.org/DDEP_WG/DDEPdata.htm
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Input data REFERENCES — HALF-LIFE

HALF-LIFE [H1] MARTIN, R.H., BURNS, K.ILW., TAYLOR, J.G.V.,
Nucl. Instrum. Methods Phys. Res. A390 (1997)

Half-life (d) Reference 267.

44.472(8) [H1] [H2] UNTERWEGER, M.P, HOPPES, D.D., SCHIMA,
F.J., Nucl. Instrum. Methods Phys. Res. A312 (1992)

44.5074(72) [(H2] 349.

44.53(3) [H3] [H3] WALZ, K.F, DEBERTIN, K., SCHRADER, H.,

44.496(7) [H4] Int. J. Appl. Radiat. Isot. 34 (1983) 1191.

44.75(4)° [H5] [H4] HOUTERMANS, H., MI.LOSEVIC, 0.,
REICHEL, F, Int. J. Appl. Radiat. Isot. 31 (1980)

44.5(2) [H6] 153.

44.494(13) [H5] VISSER, C.J., KARSTEN, JH.M., HAASBROEK,

" Rejected as an outlier. 11:5.1, MARAIS, PG., Agrochemophysica 5 (1973)

[H6] EMERY, JF., REYNOLDS, SA., WYATT, E.I,
GLEASON, G.L, Nucl. Sci. Eng. 48 (1972) 319.

GAMMA RAYS: MEASURED AND EVALUATED ABSOLUTE EMISSION PROBABILITIES

Ey (keV) [1] 2] 3] [4] [5] 6] [7] 8] Evaluated
142.651(2) 0.0110(16) 0.0098(2)  0.0079(8)  0.008(2)  0.00955(30) 0.0085(15)  0.0102(4) 0.00972(15)
192.349(5) 0.033(3)  0.0295(4) 0.0250(25)  0.028(3)  0.02851(48)  0.024(4)  0.0308(10)  0.0292(3)
1099.245(3) 0.575(3)  0.555(8)  0.562(56)  0.565(15)  0.5668(22)  0.56(3)  0.565(15) 0.5659(21)
1291.590(6) 0.424(23)  0.441(6)  0.435(43)  0432(15) 04299(30)  044(3)  0432(11) 0.4321(25)

Notes: Measured data were given by the authors as absolute values.

Recommended values are the weighted averages calculated according to the limitation of the relative statistical weights
method; no value has a relative weighting factor greater than 0.50.

Beta transition probability to ground state is assumed to be 0.0025(15).

REFERENCES — RADIATIONS Detailed tables and comments can be found on
http://www.nucleide.org/DDEP_WG/DDEPdata.htm
[1] HELMER, R.G, VAN DER LEUN, C., Nucl.
Instrum. Methods Phys. Res. A450 (2000) 35.
[2] MUKERIJI, A., PALAZZO, D., ULLMAN, J.D.,, 56Co
Phys. Rev. C10 (1974) 949.
[3] LEGRAND, J, MOREL, J., CLEMENT, C., Nucl.
Phys. A142 (1970) 63.
[4] BERAUD, R, etal, C.R. Acad. Sci., Paris, Series B
265 (1967) 1354.

Half-life evaluated by M.J. Woods (National
Physical Laboratory, UK), September 2003.
Decay scheme evaluated by S.A. Woods, T.D.

[5] COLLIN, W., et al., Z. Phys. 180 (1964) 143. MacMahon (National Physical Laboratory, UK)
[6] MIYAHARA, H. KITAORI, S, NOZUE, Y. and C.M. Baglin (Lawrence Berkeley National
WATANABE, T., Appl. Radiat. Isot. 40 (1989) 343. Laboratory, USA), August 2004.

[7] FERGUSON, IM., Nucl. Phys. 12 (1959) 579.
[8] PANCHOLL S.C., et al., Phys. Rev. C8 (1973) 2277.
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Recommended data Input data

Half-life HALF-LIFE

T,, = 77.236 (26) d Half-life (d) Reference
SELECTED GAMMA RAYS 77290040 [Fi1]
77.210(28)* [H1]
E, (keV)* P, per decay 77.30(9) [H2]
77.08(8) [H3]
846.7638(19) 0.999399(23)
77.28(4) [H4]
977.363(4) 0.01422(7)
77.12(10) [HS]
1037.8333(24) 0.1403(5)
78.4(5)° [H6]
1175.0878(22) 0.02249(9)
78.76(12)° [H7]
1238.2736(22) 0.6641(16)
77.236(26)
1360.196(4) 0.04280(13)
1771.327(3) 0.1545(4) % Values deFern.lined independently, but reported in the
same publication.
2015.176(5) 0.03017(14) b Rejected as an outlier.
2034.752(5) 0.07741(13)
2598.438(4 0.1696(4
) ) REFERENCES — HALF-LIFE
3009.559(4) 0.01038(19)
3201.930(11) 0.03203(13) [H1] FUNCK, E., et al., Nucl. Instrum. Methods Phys.
3253.402(5) 0.0787(3) Res. A312 (1992) 334.
3272.978(6) 0.01855(9) [H2] ALBURGER, D.E., WARBURTON, EK,
3451 119(4 0.00942(6 TAO, Z., Phys. Rev. C40 (1989) 2789.
119(4) 00942(6) [H3] LESKO, KT, NORMAN, EB, SUR, B,
® From Ref. [1]. LARIMER, R.M., Phys. Rev. C40 (1989) 445.
[H4] SCHRADER, H., Appl. Radiat. Isot. 40 (1989)
381.
SELECTED X RAYS [HS5] ANDERSON, M.E., Nucl. Sci. Eng. 62 (1977) 511.
[H6] CRESSY, PJ., Jr, Nucl. Sci. Eng. 55 (1974) 450.
Origin Ey (keV) Py per decay [H7] EMERY, JE, REYNOLDS, S.A., WYATT, E.L,
GLEASON, G.I., Nucl. Sci. Eng. 48 (1972) 3109.
Fe Ka, 6.39091(5) 0.0753(10)
Fe Ka, 6.40391(3) 0.1475(17)
Fe KB, 7.058-7.108 0.0305(5)

GAMMA RAYS: M

EASURED AND EVALUATED RELATIVE EMISSION PROBABILITIES

Ey (keV) (2] (3] [4] [5] (6] [7]
846.8 100 100 100 100 100 100
977.4 1.73(35) - - - 1.36(36) 1.62(10)
1037.8 14.1(15) 12.4(5) 14.0(20) 14.5(15) 12.8(9) 13.7(8)
1175.1 2.1(6) - 1.4(2) 2.8(5) 2.4(2) 2.03(14)
1238.3 66.8(40) 71.2(26) 66.3(60) 70.5(70) 69.5(35) 72.1(50)
1360.2 4.0(8) 3.8(3) 3.8(4) 45(7) 45(3) 48(3)
1771.3 16.2(14) 15.6(13) 13.5(14) 12.5(13) 16.1(8) 16.9(10)
2015.2 4.1(12) 3.8(7) 3.5(4) 3.7(6) 2.7(2) 2.93(30)
2034.8 9.2(17) 7.8(10) 6.5(8) 8.3(15) 7.4(6) 7.37(50)
2598.4 17.4(15) 16.0(27) 17.4(17) 20.0(20) 17.3(9) 15.0(13)



GAMMA RAYS: MEASURED AND EVALUATED RELATIVE EMISSION PROBABILITIES (cont.)

Ey (keV) (8] (9] (10] [11] (12] (13]
846.8 100(15) 100 100 100 100 100
977.4 1.5(3) 1.01(30) 1.1(1) — 1.35(5) 1.448(14)
1037.8 14.0(30) 12.1(8) 9.6(6) 13.08(35) 14.0(7) 14.24(14)
1175.1 1.6(3) 2.2(1) 1.9(2) 1.73(13) 2.25(5) 2.300(25)
1238.3 64(14) 70.2(25) 69.6(35) 68.3(14) 68.5(12) 67.64(68)
1360.2 4.0(8) 42(4) 4.6(3) 4.15(12) 4.37(13) 4.340(45)
1771.3 14.0(30) 16.7(10) 16.2(10) 14.95(40) 16.0(5) 15.78(16)
2015.2 2.6(6) 2.9(4) 3.9(3) 2.78(14) 3.13(10) 3.095(31)
2034.8 6.6(14) 7.7(5) 8.2(5) 7.56(21) 8.1(2) 7.95(8)
2598.4 14.0(30) 17.0(6) 18.7(11) 16.55(44) 17.2(4) 16.85(17)
Ey (keV) [14] [15] [16] [17] [17] [17]
846.8 100 100 100 100(6) 100.0(56) 100.0(57)
977.4 — 1.42(14) 1.21(6) — — —
1037.8 12.9(5) 14.4(9) 12.44(31) 13.45(206) 13.03(187) 12.72(169)
1175.1 2.26(23) 2.29(22) 2.11(5) 1.99(30) 2.18(36) 1.93(27)
12383 67.8(15) 69.6(35) — 70.9(88) 68.2(81) 66.9(84)
1360.2 4.16(21) 3.96(40) 4.42(8) 4.08(57) 4.4(6) 5.3(8)
17713 16.5(8) 14.9(9) — 15.36(197) 15.98(201) 14.55(186)
2015.2 2.99(20) 2.83(30) 2.60(12) 2.88(45) 2.28(30) 2.59(47)
2034.8 8.2(6) 7.7(6) 7.0(3) 6.25(96) 6.8(9) 6.85(89)
2598.4 18.0(9) 16.5(10) — 15.65(224) 17.3(24) 14.44(193)
3009.6 — — 1.55(12) - - -
3201.9 — — — — — —
32534 - - - - - -
3273.0 — — 1.71(9) — — —
3451.1 — — 0.94(2) — — —

Ey (keV) [18] [19] [20] [21] [22] [23]
846.8 100 100 100 100(1) 100 100
977.4 1.37(4) — 1.386(15) 1.426(21) 1.38(4) 1.41(2)
1037.8 — 13.7(6) 13.922(116) 14.04(20) 13.5(2) 14.11(19)
1175.1 2.25(11) 2.3(1) 2.180(24) 2.28(3) 2.11(10) 2.30(32)
1238.3 — 66.2(10) 66.366(742) 66.4(10) 65.1(4) 68.47(87)
1360.2 435(12) 4.4(1) 4.189(52) 4.24(6) 4.24(15) 4.32(6)
1771.3 — 15.9(3) 15.369(241) 15.65(22) 15.26(15) 15.5(4)
2015.2 - 3.1(1) 3.025(72) 3.09(6) 2.97(3) 3.182(66)
2034.8 — 7.8(1) 7.694(146) 7.95(14) 7.64(6) 8.14(17)
2598.4 — 17.3(4) 16.64(22) 17.34(31) 17.19(15) 17.40(38)
3009.6 — 1.0(2) — 1.06(3) 1.05(3) 0.84(4)
3201.9 — 32(1) - 3.18(10) 3.24(3) 3.03(7)
32534 — 8.2(4) — 7.79(25) 7.97(11) 7.60(15)

32



GAMMA RAYS: MEASURED AND EVALUATED RELATIVE EMISSION PROBABILITIES (cont.)

Ey (keV) [18] [19] [20] [21] [22] [23]
3273.0 - 1.9(1) - 1.85(6) 1.84(3) 1.815(36)
3451.1 — 1.00(4) — 0.93(3) 0.95(2) 0.90(2)
Ey (keV) [24] [25] [26] (27] [28] [29]
846.8 100 100.0(3) 100 100 100 100
977.4 1.38(3) 1.435(16) — 1.440(15) 1.450(15) —
1037.8 14.06(28) 14.16(7) 13.85(35) 14.0(1) 14.18(13) 14.11(22)
1175.1 2.22(5) 2.241(14) — 2.28(2) 2.289(21) 2.25(4)
12383 67.59(131) 66.06(29) 65.8(16) 67.6(4) 66.96(60) 66.6(10)
1360.2 429(8) 4.265(21) 427(15) 4.33(4) 429(4) 423(7)
1771.3 15.61(30) 15.49(7) 15.11(38) 15.70(15) 15.48(15) 15.42(25)
20152 2.95(6) 3.026(17) 2.97(11) 3.08(3) 3.04(5) 3.03(5)
2034.8 7.74(2) 7.766(36) 7.60(19) 7.89(7) 7.90(13) 7.84(12)
2598.4 16.41(33) 16.96(8) — 17.29(15) 17.26(28) 17.1(3)
3009.6 - - - 1.05(1) - -
3201.9 — — — 3.24(3) — 3.16(6)
3253.4 - - - 7.937(65) - 7.81(16)
3273.0 — — — 1.89(2) — 1.84(4)
3451.1 - - - 0.954(10) - 0.93(3)
Ey (keV) [30] Reduced y> Evaluated Absolute P,

846.8 100.0(2) — 100 0.999399(23)

9774 1.424(7) 2.7 1.423(7) 0.01422(7)

1037.8 14.07(5) 45 14.04(5) 0.1403(5)

1175.1 2.252(10) 2.8 2.250(9) 0.02249(9)

12383 66.20(17) 1.8 66.45(16) 0.6641(16)

1360.2 422(15) 0.9 4283(13) 0.04280(13)

1771.3 15.24(9) 13 15.46(4) 0.1545(4)

2015.2 2.976(15) 25 3.019(14) 0.03017(14)

2034.8 7.69(3) 1.7 7.746(13) 0.07741(13)

2598.4 16.82(8) 13 16.97(4) 0.1696(4)

3009.6 1.033(11) 75 1.039(19) 0.01038(19)

3201.9 3.196(18) 1.6 3.205(13) 0.03203(13)

3253.4 7.85(4) 1.1 787(3) 0.0787(3)

3273.0 1.854(13) 1.1 1.856(9) 0.01855(9)

3451.1 0.940(10) 12 0.943(6) 0.00942(6)

Comments: that uncertainty was combined in quadrature with

When authors indicated an uncertainty in the
relative intensity of the 846.7 keV reference line,

the statistical uncertainty for each of the other
transitions. That combined uncertainty is quoted in
the above table.
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Analysis of these data is complicated by two
factors:

(1) Discrepant data sets — of approximately 770
data points, successive runs of LWEIGHT
identified a total of 87 statistical outliers based
on the Chauvenet criterion, which represents
an unusually large fraction; most outliers,
though by no means all, arise from the earlier
measurements.

(2) Some authors use Ge detector efficiency
calibration curves that are inadequate at the
highest energies — identified by McCallum
and Coote [31], and discussed further by
Baglin et al. [32].

One prescription for dealing with discrepant
data is the limitation of the relative statistical weight
method (LRSW) proposed by Zijp [33] and incor-
porated in LWEIGHT. This program identifies a set
of data as ‘discrepant’ whenever the reduced chi-
squared value exceeds the critical reduced chi-
squared value for the relevant number of data
points. For those cases, the uncertainty is increased
for any datum whose statistical weight exceeds 50%
until this no longer occurs when the weighted mean
is recalculated. If the weighted mean overlaps the
unweighted mean, the weighted mean will be
adopted. The adopted uncertainty is usually the
internal uncertainty; however, the uncertainty will
be expanded to include the most precise datum, if
necessary, and the external uncertainty will be used
if the internal uncertainty is less than the
uncertainty in the most precise datum. Otherwise
the unweighted mean will be adopted, which does
not appear to be a particularly useful number since
this parameter could easily be skewed by the least
reliable data. The LRSW method has been applied
to the above data in cases where the reduced y>
value is less than 2, to produce the recommended
data in the ‘evaluated’ column.

The normalized residuals [34] and Rajeval [35]
techniques have been designed specifically to deal
with discrepant data. Both are iterative procedures
that increase the uncertainties of any discrepant
data, but they use different prescriptions for
identifying and adjusting the discrepant data.
Where the reduced y? value is greater than 2 these
techniques have been applied to obtain the
recommended values in the ‘evaluated’ column.

The second problem has been approached by
considering data from only the eight experiments
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Refs [16, 19, 21-23, 27, 29, 30] in which the detector
efficiency has been measured (not extrapolated) up
to at least the highest *°Co transition energy
(3611 keV). Details of the efficiency calibrations for
many of the other measurements are sketchy at
best, and some rely partially or totally on Monte
Carlo calculations. As a consequence of this
restriction on the evaluated dataset, this measure
should only be resorted to at energies where
significant problems are anticipated. Thus only data
from the eight selected references have been
considered for E, > 3000 keV. Other measured data
in this high energy region have been omitted from
the above table. With the exception of the
3009.6 keV 7y ray, the adopted values in this energy
range derived from the LRSW method are straight-
forward weighted means. While the 3009.6 keV data
are discrepant, the LRSW value has been adopted
and is consistent with the results of the normalized
residuals and Rajeval methods.

Absolute gamma ray emission probabilities

The decay scheme has been normalized
assuming zero ¢ + B* feeding from the 4* *°Co parent
to the 0* °Fe ground state and therefore Z[P(y+ce)]
per decay to ground state = 1.0. Only the 846.8, 2657
and 3370 keV gamma transitions feed the ground
state, and the NF is given by:

NF = 1.0/ [L(846.8 keV)(1 + a(846.8 keV))
+1,(2657 keV) + 1,(3370 ke V)]

[(2657 keV) and 13370 keV) have been
evaluated to be 0.0195(20) and 0.0103(8), respec-
tively, but are not included in the recommended
table of yrays due to their low intensities.

Assuming that the 846.8 keV transition is E2,
and o = 3.03(9) x 10 [36],

o = oy + 1.330; and 3% uncertainty, then

NF = 1.0/[100.0303(9) + 0.0195(20) + 0.0103(8)]
=1.0/[100.0601(23)]
= 0.00999399(23)

This NF has been used to determine the
absolute y ray emission probabilities listed above.
With this normalization the total (y + e¢) emission
probability of the 846.8 keV transition is
0.999702(23) per decay.



X rays: Energies and emission probabilities

X ray energies are taken from Ref. [37].

Emission probabilities are the evaluators’ values
calculated using the EMISSION program, Version
3.04 [38], with atomic data from Ref. [39], and the
recommended y ray emission probabilities shown
above.

[11]
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57C o

Half-life evaluated by M.J. Woods (National

Physical Laboratory, UK), September 2003.

Decay scheme evaluated by V.P. Chechev and

N.K. Kuzmenko (V.G. Khlopin Radium Institute,
Russian Federation), October 2001.
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Recommended data Input data

Half-life HALF-LIFE
T,, = 271.80 (5) d Half-life (d) Reference
271.68(9) [H1]
SELECTED GAMMA RAYS 272.11(26) [H2]
271.84(4) [H3]
E, (keV) P, per decay 271.90(9) [H4]
14.41295(31) 0.0915(17) 271.77(5) [H5]
122.06065(12) 0.8551(6) 269.8(4)* [Ho6]
136.47356(29) 0.1071(15) 271.23(21) [H7]
271.80(5)
SELECTED X RAYS * Rejected as an outlier.
Origin Ey (keV) Py per decay
Fe L 0.61-0.79 0.0155(13)
Fe Ka, 6.39084 0.168(3)
Fe Koy 6.40384 0.332(5)
Fe KB, 7.058-7.108 0.071(2)
REFERENCES — HALF-LIFE
[H1] MARTIN, R.H., BURNS, K.ILW,, TAYLOR, J.G.V., [H4] VANINBROUKX, R., GROSSE, G., ZEHNER,
Nucl. Instrum. Methods Phys. Res. A390 (1997) W., Int. J. Appl. Radiat. Isot. 32 (1981) 589.
267. [H5] HOUTERMANS, H., MILOSEVIC, O., REICHEL,
[H2] UNTERWEGER, M.P, HOPPES, DD, F, Int. J. Appl. Radiat. Isot. 31 (1980) 153.
SCHIMA, F.J., Nucl. Instrum. Methods Phys. Res. [H6] EMERY, JF, REYNOLDS, S.A., WYATT, E.L,
A312 (1992) 349. GLEASON, G.I,, Nucl. Sci. Eng. 48 (1972) 319.
[H3] WALZ, K.F., DEBERTIN, K., SCHRADER, H,, [H7] LAGOUTINE, F,, LEGRAND, J., PERROT, C,
Int. J. Appl. Radiat. Isot. 34 (1983) 1191. BRETHON, J.P, MOREL, J, Int. J. Appl. Radiat.

Isot. 23 (1972) 219.

GAMMA RAYS: MEASURED AND EVALUATED RELATIVE EMISSION PROBABILITIES

E, (keV) [1] 2] 3] [4] 5] 6] 7] Evaluated
14.413 - - 11.4(5) - - — 10.7(2)
122.061 100 100 100 100 100 100 100
136.474 12.5(8) 12.0(1) 13.0(4) 12.9(7) 1236(9)  12.45(30) 12.53(18)

a

Calculated from the correlation P =P

e/ (1 + op) where ap = 8.58(18) and P
balance of the 14.4 keV nuclear level.

y+ce

= 87.57(16) come from the intensity

Comments: 14.4 keV transition) to normalize the intensities in

the decay scheme (using the evaluated relative

The evaluators have assumed no electron emission probabilities from the above table and

capture feeding to the ’Fe ground and first excited theoretical internal conversion coefficients) — this
states, and used the total y ray transition probabil- procedure produced an NF of 0.008551(6).

ities (y + ce) to these two states (except that of the

36



REFERENCES — RADIATIONS

[1] HELMER, R.G, VAN DER LEUN, C., Nucl.
Instrum. Methods Phys. Res. A450 (2000) 35.
[2] KISTNER, O.C., SUNYAR, A.W,, Phys. Rev. 139

(1965) B295.

[3] MATHIESEN, JIM., HURLEY, J.P, Nucl. Phys. 72
(1965) 475.

[4] KONIN, I, LINGEMAN, E-W.A., Nucl. Instrum.
Methods 94 (1971) 389.

[S] HEATH, R.L., Gamma-ray Spectrum Catalogue,
Rep. ANCR-1000-2 (1974).

[6] SCHOTZIG, U., DEBERTIN, K., WALZ, K.F,
Nucl. Instrum. Methods 169 (1980) 43.

[7] GRUTTER, A., Int. J. Appl. Radiat. Isot. 33 (1982)
533.

Detailed tables and comments can be found on
http://www.nucleide.org/DDEP_WG/DDEPdata.htm

SSCO

Half-life evaluated by M.J. Woods (National
Physical Laboratory, UK), September 2003.

Decay scheme evaluated by M.-M. Bé
(Commissariat 2 I’Energie Atomique, France),
October 1998.

Recommended data
Half-life
T,, =70.86(6) d

SELECTED GAMMA RAYS

E, (keV) P, per decay
S11 0.300(4)
810.759(2) 0.9945(1)
SELECTED X RAYS

Origin E (keV) Py per decay
Fe Ka 6.40 0.235(3)
Fe KB 7.06 0.0320(10)

Note: Emission intensities of K X rays were calculated
from the data set described in Ref. [7].

Input data

HALF-LIFE

Half-life (d) Reference
70.77(11) [H1]
70.916(15)* [H2]
70.810(33) [H3]
70.78(5) [H4]
71.83(612)° [H5]
70.62(67) [H6]
71.1(2) [H7]
71.64(75)° [HS8]
70.86(6)

* Uncertainty increased to (27) to ensure a weighting

factor not greater than 0.50.

® Rejected as an outlier.

REFERENCES — HALF-LIFE

[H1] UNTERWEGER, M.P, HOPPES, D.D., SCHIMA,
FJ., Nucl. Instrum. Methods Phys. Res. A312 (1992)
349.

[H2] HOUTERMANS, H., MILOSEVIC, O,
REICHEL, F, Int. J. Appl. Radiat. Isot. 31 (1980)
153.

[H3] VANINBROUKX, R., GROSSE, G., Int. J. Appl.
Radiat. Isot. 27 (1976) 727.

[H4] LAGOUTINE, F,, LEGRAND, J,, BAC, C., Int. J.
Appl. Radiat. Isot. 26 (1975) 131.

[HS] ARAMINOWICZ, J., DRESLER, J.,, Rep. INR-
1464 (1973) 14.

[H6] CRISLER, D.F, ELDRIDGE, H.B.,
KUNSELMAN, R., ZAIDINS, C.S., Phys. Rev. C5
(1972) 419.

[H7] WERNER, R.D., SANTRY, D.C., J. Nucl. Energy
26 (1972) 403.

[H8] DECOWSKI, P, et al., Nucl. Phys. A112 (1968)
513.

Gamma rays: Measured and evaluated relative
emission probabilities

Comments:

(a) No new measurement since Ref. [1];

(b) Energy of the 810 keV y ray is from Ref. [2];

(c) Absolute emission probabilities  were
calculated from %P . = 1.0 to ground state

level to give an NF of 0.009945(1):
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— Experimental total internal conversion
coefficients are 3.4(1) x 10 and 2.6(4) x 107
from Bambynek and Legrand [3] for the 810
and 863 keV transitions, respectively; and
0.83 x 10™* from the theoretical tables of
Hager and Seltzer [4] for the 1674 keV
transition;

— Theoretical calculations from the tables of
Band et al. (see Gorozhankin et al. [5]) give
total internal conversion coefficients of 3.3 x
10* and 2.7 x 10 for 810(pure E2) and
863(85% E2) keV transitions, respectively
(very close to experimental data);

(d) Detailed tables and comments can be found in
Refs [6, 7] and on
http://www.nucleide.org/DDEP_WG/
DDEPdata.htm
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60C0

Half-life evaluated by M.J. Woods (National
Physical Laboratory, UK), September 2003.

Decay scheme evaluated by R.G. Helmer
(Idaho National Laboratory, USA), January 1999.
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Recommended data
Half-life

Ty, = 1925.23(27) d

SELECTED GAMMA RAYS

E, (keV) P, per decay
1173.228(3)* 0.9985(3)°
1332.492(4) 0.999826(6)°

* From Ref. [1].

®  Emission probability is calculated from:

{Ps(2505 keV) — P (347 ke V) x [1.0 + a(347 ke V)]

- P (2505 keV) x [1.0 + a(2505 keV)]}/

[1.00 + a(1173 keV) + a (1173 ke V)]

=[0.9988(3) — 0.000075(4)]/[1.000174(4)].

Py(2505 keV) is determined from Py(1173 keV) = 0.0012
(3) from measurements of Refs [2-5]; P,(347 keV) and
P,(2505 keV) are from relative emission probability
measurements of Refs [6-8] and [9, 10], respectively; and
the internal conversion and internal pair coefficients are
from Refs [11] and [12], respectively.

¢ Emission probability is calculated from:

{1.00- P, (2158 keV) x [1.0 + 0(2158 ke V)] - P, (2505 ke V)
x [1.0 + (2505 keV)]}/

[1.00 + a(1332 keV) + a,(1332 ke V)]

= [1.00 — 0.000012(2)]/[1.000162 (6)].

P (2158 keV) is from measurements of Refs [7, 13, 14].

SELECTED X RAYS

Origin Ey (keV) Py per decay
Ni Ko 7.46-7.48 0.000098(3)
Ni KB 8.26-8.33 0.0000136(5)
Input data

HALF-LIFE

Half-life (d) Reference
1925.12(46) [H1]
1925.5(4) [H2]
1925.02(47) [H3]
1925.2(4) [H4]
1929.6(10)* [H5]
1914(77)* [H6]
1924.9(24) [H7]
1925.23(27)

* Rejected as an outlier.
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64Cll

Half-life evaluated by M.J. Woods (National
Physical Laboratory, UK), September 2003.

Decay scheme evaluated by R.G. Helmer
(Idaho National Laboratory, USA), January 2002.

Recommended data
Half-life

T, = 0.52929(18) d

SELECTED GAMMA RAYS

E, (keV) P, per decay
511 0.3572(28) *
1345.77(16)° 0.00475(10) ©

a

Annihilation radiation emission probability is taken to
be twice (x 2.0) the positron emission probability of
0.1786(14) [1, 2]; however, the emission probability for
511 keV photons will be somewhat lower due to annihi-
lation of some of the positrons in flight.

® From Ref. [3].

¢ From Refs [1,2].

SELECTED X RAYS

Origin Ey (keV) Py per decay
Ni Ko 7.46-7.48 0.1415(17)
Ni KB 8.26-8.33 0.0195(4)
Input data

HALF-LIFE

Half-life (d) Reference
0.52921(13)" [H1]
0.52933(25) [H2]
0.52913(34) [H3]
0.525(40) [H4]
0.5342(17) [H5]
0.5298(29) [H6]
0.5271(71) [H7]
0.5333(17) [HS]
0.5292(5) [HY]
0.52929(18)

a

Uncertainty increased to (19) to ensure a weighting
factor not greater than 0.50.
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[H4] ARAMINOWICZ, J., DRESLER, J.,, Rep. INR-
1464 (1973) 14.

[HS] NEWTON, D.A., SARKAR, S. YAFFE, L,
MOORE, R.B,, I. Inorg. Nucl. Chem. 35 (1973) 361.

[H6] EMERY, JF, REYNOLDS, S.A., WYATT, E.L,
GLEASON, G.I, Nucl. Sci. Eng. 48 (1972) 319.

[H7] BORMANN, M., LAMMERS, B., Nucl. Phys.
A130 (1969) 195.

[H8] KEMENY, P, Rev. Roum. Phys. 13 (1968) 901.

[H9] HEINRICH, F., PHILIPPIN, G., Helv. Phys. Acta
41 (1968) 431.

REFERENCES — RADIATIONS

[1] CHRISTMAS, P, JUDGE, SM., RYVES, TB,
SMITH, D., WINKLER, G., Nucl Instrum.
Methods Phys. Res. 215 (1983) 397.

[2] KAWADA, Y., Appl. Radiat. Isot. 37 (1986) 7.

[3] HEATH, R.L., Gamma-ray Spectrum Catalogue,
Rep. ANCR-1000-2 (1974).

Detailed tables and comments can be found on
http://www.nucleide.org/DDEP_WG/DDEPdata.htm
65Zn

Half-life evaluated by M.J. Woods (National
Physical Laboratory, UK), September 2003.

Decay scheme evaluated by R.G. Helmer
(Idaho National Laboratory, USA), January 1999.
Recommended data

Half-life

T, = 243.86(20) d

40

SELECTED GAMMA RAYS

E, (keV) P, per decay
511 0.0284(4)
1115.539(2)° 0.5060(22)°

a

Annihilation radiation emission probability is taken to
be twice (x 2.0) the positron emission probability of
0.0142(2) — this value was calculated from the
emission probability of the 1115 keV y ray, total
internal conversion coefficient of 0.000185(7) [1], and
the theoretical electron capture to positron ratio of
34.03 for the ground state transition (from the LOGFT
code). The emission probability for 511 keV photons
will be somewhat lower due to annihilation of some of
the positrons in flight.

® From Ref. [2].

From measurements given below.

SELECTED X RAYS

Origin Ey (keV) Py per decay
Cu Ko 8.03-8.05 0.347(3)
Cu KB 8.90-8.98 0.0482(7)
Input data

HALF-LIFE

Half-life (d) Reference
243.66(9) [H1]
243.8(2) [H2]
244.164(99) [H3]
243.75(12) [H4]
244.3(4) [H5]
244.520(22)* [H6]
243(4)* [H7]
243.86(20)

* Rejected as an outlier.

REFERENCES — HALF-LIFE

[H1] SCHRADER, H., Appl. Radiat. Isot. 60 (2004)
317.

[H2] VAN AMMEL, R., POMME, S., SIBBENS, G.,
Appl. Radiat. Isot. 60 (2004) 337.

[H3] UNTERWEGER, M.P, HOPPES, D.D., SCHIMA,
FJ., Nucl. Instrum. Methods Phys. Res. A312 (1992)
349.



[H4] LAGOUTINE, F., LEGRAND, J., BAC, C., Int. J. [H6] VISSER, CJ., KARSTEN, J.H.M., HAASBROEK,
Appl. Radiat. Isot. 26 (1975) 131. FJ., MARAIS, P.G., Agrochemophysica 5 (1973)
[HS5] CRESSY, PJ., Jr., Nucl. Sci. Eng. 55 (1974) 450. 15.
[H7] HAMMER, J.W., Z. Phys. 216 (1968) 355.

GAMMA RAY: MEASURED AND EVALUATED ABSOLUTE EMISSION PROBABILITY

E, (keV) 3] [4] [5] 6] [7] 8] Evaluated

1115 0.507(5) 0.513(15) 0.524(10) 0.5075(10)* 0.493(8) 0.502(4) 0.5060(22)

*  Uncertainty was increased to (27) to reduce relative weighting factor from 0.88 to 0.50.

REFERENCES — RADIATIONS Recommended data

HANSEN, H.H., European Appl. Res. Rep., Nucl.
Sci. Technol. 6 4 (1985) 777.

HELMER, R.G,, VAN DER LEUN, C., Nucl.
Instrum. Methods Phys. Res. A450 (2000) 35.
TAYLOR, J.G.V.,, MERRITT, J.S., Phys. Can. 19 3
(1963) 17.

Half-life

T, = 0.3889(34) d

SELECTED GAMMA RAYS

[4] RAO,PS., Current Sci. 35 (1966) 384. E, (keV) P, per decay”

[S] HAMMER, J.W., Z. Phys. 216 (1968) 355. -

[6] DEROOST, E., FUNCK, E., SPERNOL, A., 833.5324(21) 0.059(5)
VANINBROUKX, R., Z. Phys. 250 (1972) 395. 1039.220(3)° 0.37(3)
Radiat. Isot. 24 (1973) 471. b

[8] SCHOTZIG, U., Nucl. Instrum. Methods Phys. Res. 1418'754(5)b 0.0061(5)

1898.823(8)° 0.0039(3)

Detailed tables and comments can be found on 1918.329(5)° 0.0199(16)
http://www.nucleide.org/DDEP_WG/DDEPdata.htm 2189.616(6)" 0.053(4)
2422.525(7)° 0.0188(15)

Ga 2751.835(5)° 0.227(18)

3228.800(6)" 0.0151(12)

Half-life evaluated by M.J. Woods (National 3380.850(6)" 0.0146(12)

Physical Laboratory, UK), September 2003. 3422.040(8)" 0.0086(7)
Decay scheme evaluated by E. Browne 3791.004(8)" 0.0109(9)

(Lawrence Berkeley National Laboratory, USA), 4085.853(9)° 0.0127(10)

July 2003. 4295.187(10)¢ 0.038(3)

4461.202(9)° 0.0084(7)
4806.007(9)° 0.0186(15)

a

Values recommended in Ref. [1], although the derived
uncertainties may differ.

® From Ref. [2].

From Ref. [3], but adjusted by a least squares
procedure to align with data of Ref. [2].
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SELECTED X RAYS

Origin Ey (keV) Py per decay
Zn Ko,  861587(5) 0.058(3)
Zn Koy 8.63896(5) 0.113(6)
Zn KB, 9.57-9.65 0.0242(12)
Input data

HALF-LIFE

Half-life (d) Reference

0.3888(33)*
0.3917(83)
0.3833(83)
0.3917(83)

0.3889(34)

a

Uncertainty increased to (48) to ensure a weighting
factor not greater than 0.50.

REFERENCES — HALF-LIFE

[H1] RUDSTAM, G., Nucl. Phys. 56 (1964) 593.

[H2] CARVER, JH., JONES, G.A., Nucl. Phys. 11
(1959) 400.

[H3] MUKERIJI, A., PREISWERK, P, Helv. Phys. Acta
25 (1952) 387.

[H4] BUCK, JL.H., Phys. Rev. 54 (1938) 1025.

GAMMA RAYS: MEASURED AND EVALUATED RELATIVE EMISSION PROBABILITIES

E, (keV) [4]? [5]* [6] [1] [1] Evaluated
833.53 16.2(7) 15.92(17) 16.02(24) 15.94(14) 15.92(6) 15.93(6)°
1039.22 =100 =100 100.0(16) 100.0(9) 100.0(3) 100.0(3)°
1333.11 3.21(5) 3.18(4) 3.17(5) 3.20(3) 3.171(13) 3.175(13)°
1418.75 1.61(3) 1.659(27) — 1.640(23) 1.659(8) 1.657(8)°
1508.16 1.44(9) 1.478(24) — 1.503(23) 1.496(7) 1.497(7)¢
1898.82 1.11(3) 1.05(4) — 1.062(23) 1.050(8) 1.051(8)°
1918.33 5.45(2) 5.427(80) 5.33(8) 5.44(6) 5.360(23) 5.368(23)°
2189.62 14.5(3) 14.56(18) 14.54(21) 14.50(13) 14.39(6) 14.42(6)°
2422.53 4.93(10) 5.023(5) 5.12(8) 5.15(6) 5.072(24) 5.085(24)°
2751.84 60.3(8) 60.6(6) 61.2(8) 61.5(6) 61.34(26) 61.35(26)°
3228.80 3.96(6) 4.08(4) 4.06(8) 4.07(4) 4.087(22) 4.082(22)°
3380.85 3.85(4) 3.95(4) 3.96(8) 3.99(4) 3.950(23) 3.960(23)°
3422.04 2.21(9) 2.29(4) — 2.29(3) 2.321(16) 2.314(16)°
3791.00 2.89(11) 2.940(35) 2.96(5) 2.96(4) 2.929(24) 2.941(24)°
4085.85 3.33(7) 3.52(5) 3.38(8) 3.42(4) 3.455(20) 3.445(20)°
4295.19 10.88(24) 10.84(13) 10.24(26) 10.54(15) 10.25(7) 10.30(8)>¢
4461.20 2.23(5) 2.277(27) — 2.20(4) 2.275(23) 2.26(3)¢
4806.01 5.10(6) 4.92(4) 4.93(11) 5.00(7) 5.04(3) 5.03(3)°
* Data corrected for a systematic inaccuracy in the detector efficiency curve above 1050 keV.

b Weighted average (LWM) of values from Refs [1, 6].

Z Weighted average (LWM) of values from Ref. [1].
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Comments:

— The decay scheme proposed in Ref. [7] was

adopted for this evaluation; full details are
available on:
http://www.nucleide.org/DDEP_WG/DDEPdata.htm

— Relative gamma ray emission probabilities are

weighted averages of the results from Refs [1,
6]. Some of the resulting uncertainties differ
from those quoted in Ref. [1] because they
were originally lower than the smallest
uncertainty of the individual experimental
values and were adjusted upwards accordingly.
Relative gamma ray emission probability data
are also listed from other sources [4, 5]; although
not used in the LWM calculations of the main
gamma ray emissions, these data have been
corrected for a systematic error in the detector
efficiency curve above 1050 keV. The correction
factor (CF) given in Ref. [1] has been used:

CF=1.116-0.155 EY(MeV) +0.0397 Eﬁ(MeV)
NF was determined as follows:

P,.(1039.2 keV)/P;, (gs) = 2.08 (10) x 10, Ref. [8]
P, (g5)/EPy,, = 0.8697, Ret. [8]
P,.(1039.2 keV, E2)/P (1039 keV)

=2.69(8) x 10, Ref. [9],

hence,

P (10392 keV)/ZPg;,
=2.08(10) x 10~ x 0.8697/2.69(8) x 10
=0.67(4).
Also ZPg, /ZP; = 1265 from the full decay
scheme and theoretical Pp; /¢;.
Since XPg;, + XP,; =1.00,
IPy;, = 0.558(24)
and P, (1039.2 keV) = 0.67(4) x 0.558(24)
=0.37(3) per decay.

Therefore, NF = 0.0037(3) was adopted to

convert relative y ray emission probabilities to
absolute emission probabilities.

REFERENCES — RADIATIONS

BAGLIN, CM., et al,, Nucl. Instrum. Methods
Phys. Res. A481 (2002) 365.

HELMER, R.G., VAN DER LEUN, C., Nucl
Instrum. Methods Phys. Res. A450 (2000) 35.

[3] ALDERLIESTEN, C., VAN NIE, JA., SLOK,
A.P, ENDT, PM., Nucl. Instrum. Methods Phys.
Res. A335(1993) 219.

[4] PHELPS, M.E., SARANTITES, D.G., WINN,
W.G., Nucl. Phys. A149 (1970) 647.

[S] CAMP D.D.,, MEREDITH, G.L., Nucl Phys. A166
(1971) 349.

[6] RAMAN, S,

YONEZAWA, C., MATSUE,
IMURA, H., SHINOHARA, N., Nucl. Instrum.
Methods Phys. Res. A454 (2000) 389.

[7]  BHAT, M.R., Nucl. Data Sheets 83 (1998) 789.

[8] SCHWARZSCHILD, A., GRODZINS, L., Phys.
Rev. 119 (1960) 276.

[9] ROSEL, F, FRIES, HM., ALDER, K., PAULI,
H.C., At. Data Nucl. Data Tables 21 (1978) 92.

Detailed tables and comments can be found on
http://www.nucleide.org/DDEP_WG/DDEPdata.htm

67G a

Half-life evaluated by M.J. Woods (National
Physical Laboratory, UK), September 2003.

Decay scheme evaluated by V.P. Chechev and
N.K. Kuzmenko (V.G. Khlopin Radium Institute,

Russian Federation), April 2000.

Recommended data

Half-life

T, =3.2616(4) d

SELECTED GAMMA RAYS

E, (keV) P, per decay
91.265(5) 0.0307(11)
93.310(5) 0.378(9)
184.576(10) 0.209(7)
208.950(10) 0.0237(8)
300.217(10) 0.168(6)
393.527(10) 0.0466(16)
SELECTED X RAYS

Origin Ey (keV) Py per decay
Zn L 0.884-1.107 0.0182(12)
Zn Ko,  861587(5) 0.170(6)
Zn Ko, 8.63896(5) 0.330(11)
Zn KB, 9.57-9.65 0.0709(20)

43



Input data

HALF-LIFE

Half-life (d) Reference
3.2623(15) [H1]
3.2634(16) [H2]
3.26154(54) [H3]
3.2607(8) [H4]
3.2638(14) [H5]
3.261(1) [Ho]
3.2608(15) [H7]
3.2616(4)

REFERENCES — HALF-LIFE

[H1] SCHRADER, H., Appl. Radiat. Isot. 60 (2004)
317.

[H2] DA SILVA, M.A.L., DE ALMEIDA, M.C.M,,
DA SILVA, CJ., DELGADO, J.U., Appl. Radiat.
Tsot. 60 (2004) 301.

[H3] UNTERWEGER, M.P, HOPPES, D.D., SCHIMA,
F.J., Nucl. Instrum. Methods Phys. Res. A312 (1992)
349.

[H4] HOUTERMANS, H., MILOSEVIC, 0.,
REICHEL, F, Int. J. Appl. Radiat. Isot. 31 (1980)
153.

[HS] LAGOUTINE, F,, LEGRAND, J,, BAC, C., Int. J.
Appl. Radiat. Isot. 29 (1978) 269.

[H6] MEYER, R.A., et al., Phys. Rev. C17 (1978) 1822.

[H7] LEWIS, VE., WOODS, M.J., GOODIER, IL.W., Int.
J. Appl. Radiat. Isot. 23 (1972) 279.

GAMMA RAYS: MEASURED AND EVALUATED RELATIVE EMISSION PROBABILITIES

E, (keV)[1,2] 3] [4] (5] (6] (1]
91.26 7.4(26)* — 21.0(19)* 15.1(6) 14.49(10)
93.31 314(22)" — 161(11) - 181.2(11)
184.58 100 100 100 100 100
208.95 10.8(13) 10.9(5) 11.5(9) — 11.38(8)
300.22 70(5) 75.6(50) 81(6) — 81.2(5)
393.53 — 20.4(12) 22.6(19) — 22.72(15)
E, (keV)[1,2] [7] [8] [9] Evaluated

91.26 15.0(5) 13.8(11) 14.9(7) 14.7(2)

93.31 185(6) 169(10) 184(5) 181(3)

184.58 100 100 100 100

208.95 11.35(15) 11.1(7) 11.3(4) 11.34(9)

300.22 79.9(11) 76.5(37) 79.2(11) 80.2(6)

393.53 22.0(3) 20.7(10) 22.1(3) 22.3(2)

*Rejected value.

Comments:

Absolute y ray emission probabilities have
been computed from the evaluated relative
emission probabilities and the absolute emission
probability of the 93.31 keV y ray. The latter has
been obtained from the absolute emission
probability of the conversion electrons for the
93.31 keV transition [0.325(4)] determined on the
basis of precise measurements [10, 11] and the total
internal conversion coefficient o = 0.859(17) from
Ref. [12].
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D.K., Nucl. Phys. A239 (1975) 333.
[7] DEBERTIN, K., PESSARA, W., SCHOTZIG, U.,
WALZ, K.F, Int. J. Appl. Radiat. Isot. 30 (1979)
551.
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[9] HIRSCHFELD, A.T., HOPPES, D.D., SCHIMA,
FJ., NIST, private communication, 1991.
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FONSECA, K.A., Appl. Radiat. Isot. 49 (1998) 1175.
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Detailed tables and comments can be found on
http://www.nucleide.org/DDEP_WG/DDEPdata.htm

68Ga

Half-life evaluated by M.J. Woods (National
Physical Laboratory, UK), September 2003.

Decay scheme evaluated by E. Schonfeld
(Physikalisch-Technische Bundesanstalt, Germany),
October 1996.

Recommended data
Half-life
T,, =0.04703(7) d

SELECTED GAMMA RAYS

E, (keV) P, per decay
511 1.7828(22)°
1077.34(5)* 0.0322(3)¢

* From Ref. [1].

®  Annihilation radiation emission probability is taken
from Schonfeld et al. [2] and is assumed to be twice
(x 2.0) the positron emission probability.

Decay scheme proposed by Vo et al. [3] has been
adopted in conjunction with the studies of Lange et al.
[4], while an absolute emission probability of 0.0322(3)
for the 1077 keV gamma ray was taken from Ref. [2].

SELECTED X RAYS

Origin Ey (keV) P per decay
Zn Ka, 8.61587(5) 0.01389(7)
Zn Ko,  8.63896(5) 0.02701(24)

Input data

HALF-LIFE

Half-life (d) Reference
0.0469646(167)* [H1]
0.04757(35) [H2]
0.047083(46) [H3]
0.04703(7)

a

Uncertainty increased to (460) to ensure a weighting
factor not greater than 0.50.

REFERENCES — HALF-LIFE

[H1] TWATA, Y., KAWAMOTO, M., YOSHIZAWA, Y.,
Int. J. Appl. Radiat. Isot. 34 (1983) 1537.

[H2] OOTTUKULAM, JM., RAMASWAMY, MK,
Am. J. Phys. 39 (1971) 221.

[H3] SMITH, D., WILLIAMS, A., Int. J. Appl. Radiat.
Isot. 22 (1971) 615.

REFERENCES — RADIATIONS

[1] HELMER, R.G,, Idaho National Engineering and
Environmental Laboratory, USA, private commu-
nication, 1995.

[2] SCHONFELD, E., SCHOTZIG, U., GUNTHER,

E., SCHRADER, H., Int. J. Appl. Radiat. Isot. 45

(1994) 955.

VO, D.T,, et al., Phys. Rev. C50 (1994) 1713.

LANGE, J.et al., Phys. Rev. C7 (1973) 177.
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Detailed tables and comments can be found on
http://www.nucleide.org/DDEP_WG/DDEPdata.htm

7SSe

Half-life evaluated by M.J. Woods (National
Physical Laboratory, UK), September 2003.

Decay scheme evaluated by E. Browne
(Lawrence Berkeley National Laboratory, USA)
and E. Schonfeld (Physikalisch-Technische Bunde-
sanstalt, Germany), August 1997.
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Recommended data
Half-life

SELECTED GAMMA RAYS

E, (keV) [1] P, per decay
66.0518(8) 0.01112(12)
96.7340(9) 0.0342(3)
121.1155(11) 0.172(3)
136.0001(6) 0.582(7)
198.6060(12) 0.0148(4)
264.6576(9) 0.589(3)
279.5422(10) 0.2499(13)
303.9236(10) 0.01316(8)
400.6572(8) 0.1147(9)
SELECTED X RAYS

Origin Ey (keV) Py per decay
As L 1.28 0.0206(7)
As Ka, 10.5080 0.1659(23)
As Ko, 10.5437 0.322(4)
As KB 11.72-11.86 0.0764(12)

Emission probabilities per decay of K X rays were calcu-
lated from the data set described in Ref. [14].

Input data

HALF-LIFE

Half-life (d) Reference
119.809(66) [H1]
119.76(5) [H2]
119.779(4) [H3]
118.45(84)® [H4]
119.778(29)

® Uncertainty increased to (40) to ensure a weighting
factor not greater than 0.50.
® Rejected as an outlier.

[H1]

REFERENCES — HALF-LIFE

UNTERWEGER, M.P, HOPPES, D.D., SCHIMA,
F.J., Nucl. Instrum. Methods Phys. Res. A312 (1992)
349.

WALZ, K.F, DEBERTIN, K., SCHRADER, H.,
Int. J. Appl. Radiat. Isot. 34 (1983) 1191.
HOUTERMANS, H., MILOSEVIC, 0.,
REICHEL, F, Int. J. Appl. Radiat. Isot. 31 (1980)
153.

LAGOUTINE, F, LEGRAND, J., BAC, C., Int. J.
Appl. Radiat. Isot. 26 (1975) 131.

GAMMA RAYS: MEASURED AND EVALUATED RELATIVE EMISSION PROBABILITIES

E, (keV) [1] [2(1)] [2(2)] [2(3)] [2(4)] [2(5)]
66.1 0.0185(3) 0.0182(6) 0.0176(8) 0.0195(6) —
96.7 0.0593(8) 0.0568(15) 0.0613(18) 0.0647(18) —
121.1 0.2923(15) 0.291(6) 0.279(6) 0.292(4) 0.293(5)
136.0 0.999(3) 0.963(20) 0.946(21) 0.999(9) 0.999(18)
198.6 0.02518(13) 0.0252(7) 0.0225(8) 0.02568(21) 0.0248(5)
264.7 1.000(4) 1.000(21) 1.000(22) 1.000(11) 1.000(15)
2795 0.4253(16) 0.439(9) 0.422(9) 0.421(3) 0.426(6)
303.9 0.02248(9) 0.0225(5) 0.0221(6) 0.02091(14) 0.0224(4)
400.7 0.1927(11) 0.197(4) 0.191(4) 0.1941(12) 0.195(3)
E, (keV) [1] (2(6)] [2(7)] [2(8)] [2(9)] [2(10)]
66.1 0.0178(6) 0.0200(17) 0.0186(2) 0.0196(4) 0.0191(2)
96.7 0.0541(13) 0.0513(30) 0.0579(3) 0.0563(5) 0.0591(5)
121.1 0.285(5) 0.300(10) 0.2865(11) 0.2896(14) 0.2916(23)

46



GAMMA RAYS: MEASURED AND EVALUATED RELATIVE EMISSION PROBABILITIES (cont.)

E, (keV) [1] (2(6)] [2(N)] [2(8)] (2091 (2(10)]
136.0 0.959(21) 0.995(31) 0.982(4) 0.999(5) 0.997(8)
198.6 0.0238(4) 0.0253(7) 0.02509(16) 0.02581(12) 0.02534(23)
264.7 1.000(17) 1.000(26) 1.000(5) 1.000(4) 1.000(8)
279.5 0.424(5) 0.426(11) 0.4248(23) 0.4236(14) 0.425(3)
303.9 0.0223(4) 0.0224(6) 0.02234(15) 0.02224(8) 0.02242(18)
400.7 0.1917(21) 0.195(5) 0.1960(10) 0.1979(6) 0.1949(16)
E, (keV) [1] [2(11)] (2(12)] [2(13)] (3] (4]
66.1 0.0194(3) 0.0188(2) 0.0195(2) 0.0172(4) 0.0097(6)*
96.7 0.058(6) 0.0583(4) 0.0591(5) 0.0512(10) 0.047(2)
1211 0.2943(22) 0.2931(20) 0.2924(20) 0.2770(50) 0.254(12)*
136.0 1.004(7) 1.012(4) 0.994(10) 0.950(18) 0.903(28)"
198.6 0.02514(20) 0.02586(20) 0.0250(3) 0.0238(7) 0.025(1)*
264.7 1.000(8) 1.000(3) 1.000(7) 1.00 1.00
279.5 0.424(4) 0.4225(8) 0.4269(21) 0.420(8) 0.425(15)
303.9 0.02220(22) 0.02219(16) 0.02239(16) 0.0219(7) 0.0220(8)
400.7 0.1908(17) 0.1936(5) 0.1951(10) 0.204(5) 0.190(6)
E, (keV) [1] (5] (6] [7] [8-1]° 8-2°
66.1 0.0146(20) 0.0186(9) 0.0193(4) — —

96.7 0.0522(20) 0.059(3) 0.0589(13) 0.0578(17) —
121.1 0.271(40) 0.298(9) 0.293(3) 0.2924(29) 0.2912(31)
136.0 0.9546(600) 1.02(3) 0.998(8) 0.992(9) 0.991(13)
198.6 0.0248(40) 0.0253(8) 0.0249(5) 0.0251(4) 0.0257(4)
264.7 1.00 1.00(3) 1.000(8) 1.000(5) 1.000(6)
279.5 0.426(8) 0.424(13) 0.426(4) 0.4243(20) 0.4245(24)
303.9 0.0226(40) 0.0221(3) 0.0227(2) 0.02234(17) 0.02226(19)
400.7 0.188(6) 0.191(3) 0.1956(16) 0.1942(13) 0.1938(12)
E, (keV) [1] [9] [10] [11] [12] Evaluated
66.1 0.0196(3) 0.0187(1) 0.0191(2) — 0.01888(18)
96.7 0.0591(6) 0.0572(21) 0.0591(5) 0.0578(3) 0.05807(33)
121.1 0.2910(31) 0.298(2) 0.2916(23) 0.2976(11) 0.2920(56)
136.0 0.995(10) 1.000(3) 0.997(8) 1.002(3) 0.989(11)
198.6 0.0250(3) 0.0254(2) 0.02534(20) 0.0256(2) 0.0251(7)
264.7 1.00(1) 1.000(5) 1.000(8) 1.000(3) 1.000(3)
279.5 0.424(5) 0.422(4) 0.4247(34) 0.4278(12) 0.4243(8)
303.9 0.0225(3) 0.0223(2) 0.02242(18) 0.02238(14) 0.02235(8)
400.7 0.202(2) 0.195(3) 0.1949(16) 0.1931(7) 0.1947(11)

a

Discrepant data omitted from evaluation.

* Independent measurements reported in Ref. [8].
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Comments:

An arbitrary numbering system was assigned
to the participants of the ICRM intercomparison,
Ref. [2], as [2(X)], etc.

Absolute  emission  probabilities  were
determined using absolute measurement data —
corrected values for the absolute emission
probability of the 264 keV v ray are 0.5944(83) [7],
0.5796(85) [8-1], 0.5816(85) [8-2], 0.5955(90) [13],
0.5903(32) [12], giving a weighted average (LWM)
of 0.589(3) [recommended value].

For more details see Refs [14, 15].

REFERENCES — RADIATIONS

[1] HELMER, R.G., VAN DER LEUN, C., Nucl.
Instrum. Methods Phys. Res. A450 (2000) 35.

[2] INTERNATIONAL ATOMIC ENERGY
AGENCY, X-Ray and Gamma-Ray Standards for
Detector Calibration, IAEA-TECDOC-619,
IAEA, Vienna (1991).

[3] PARADELLIS, T., HONTZEAS, S., Nucl. Phys.
A131 (1969) 378.

[4] SUTELA, V., Ann. Acad. Sci. Fenn., Series A, VI
Physica 407.

[S] PRASAD, R., Can. J. Phys. 55 (1977) 2036.

[6] GEHRKE, R.J.,, HELMER, R.G, GREEN-
WOOD, R.C., Nucl. Instrum. Methods A147 (1977)
405.

[7] SCHOTZIG, U., DEBERTIN, K., WALZ, KF,
Nucl. Instrum. Methods 169 (1980) 43.

[8] YOSHIZAWA, Y., IWATA, Y., KATOH, T,
RUAN, J.-Z., KAWADA, Y., Nucl. Instrum.
Methods Phys. Res. 212 (1983) 249.

[9] WANG, L., WANG, Y., Nucl. Instrum. Methods
Phys. Res. A286 (1990) 460.

[10] MEYER, R.A,, Fizika, Zagreb 22 (1990) 153.

[11] SCHOTZIG, U., Nucl. Instrum. Methods Phys. Res.
A312 (1992) 141.

[12] MIYAHARA, H., MATUMOTO, H., MORI, C,
TAKEUCHI, N., GENKA, T.,, Nucl. Instrum.
Methods Phys. Res. A339 (1994) 203.

[13] JEDLOVSZKI, R., et al., Rep. GS/32, National
Office of Measures (OMH), Budapest (1987).

[14] BE, M.-M., et al, Table de Radionucléides,
Comments on Evaluations, CEA Saclay, Gif-sur-
Yvette (1999).

[15] BE, M.-M., et al., Table de Radionucléides, CEA
Saclay, Gif-sur-Yvette (1999).

Detailed tables and comments can be found in
Refs [14, 15], and on:
http://www.nucleide.org/DDEP_WG/DDEPdata.htm

48

SSKr

Half-life evaluated by M.J. Woods (National
Physical Laboratory, UK), September 2003.

Decay scheme evaluated by M.-M. Bé and
V. Chisté (Commissariat 2 I’Energie Atomique,
France), November 2003.

Recommended data
Half-life
T,,=3927(8) d

SELECTED GAMMA RAY

E, (keV) P, per decay
513.997(5) 0.00435(10)
SELECTED X RAY

Origin Ey (keV) Py per decay
Te Ka 13.356 0.0000158(28)

Emission probability per decay of K X ray was calculated
from the data set described on
http://www.nucleide.org/DDEP_WG/DDEPdata.htm

Input data

HALF-LIFE

Half-life (d) Reference
3916.8(25) [H1]
3934.4(14)* [H2]
3930(4) [H3]
3927(8)

® Uncertainty increased to (22) to ensure a weighting

factor not greater than 0.50.

REFERENCES — HALF-LIFE

[H1] SCHRADER, H., Appl. Radiat. Isot. 60 (2004)
317.

[H2] UNTERWEGER, M.P, HOPPES, D.D., SCHIMA,
FJ., Nucl. Instrum. Methods Phys. Res. A312 (1992)
349.

[H3] LERNER, ], J. Inorg. Nucl. Chem. 25 (1963) 749.



GAMMA RAY: MEASURED AND EVALUATED ABSOLUTE EMISSION PROBABILITY

E, (keV) [1] [2] [4] Evaluated
513.997(5) 0.0046(4) 0.00431(17) 0.00435(13) 0.00435(10)

Internal conversion coefficients are oy =
0.00635(19), a; = 0.00072(2) and a,, = 0.00721(21)
as deduced from the tables of Rosel et al. [5] for an
adopted M2 multipolarity.

The recommended Y ray emission probability
is the weighted average; more details can be found
on http://www.nucleide.org/DDEP_WG/DDEPdata.htm

REFERENCES — RADIATIONS

[1] MEYER, R.A.,, FONTANILLA, JE. SMITH,
N.L., SMITH, C.F, RAGAINI, R.C., Phys. Rev.
C21 (1980) 2590.

[2] GEIGER, K.W, MERRITT,J.S., TAYLOR, J.G.V.,,
Nucleonics 19 (1961) 97.

[3] EASTWOOD,T.A.,, BROWN, F., WERNER, R.D,,
Can. J. Phys. 42 (1964) 218.

[4] DENECKE, B, DE ROOST, E., SPERNOL, A.,
VANINBROUKX, R., Nucl. Sci. Eng. 28 (1967)
305.

[5] ROSEL, F, FRIES, H.M., ALDER, K., PAULI,
H.C., At. Data Nucl. Data Tables 21 (1978) 92.

Detailed tables and comments can be found on
http://www.nucleide.org/DDEP_WG/DDEPdata.htm

SSSI'

Half-life evaluated by M.J. Woods (National
Physical Laboratory, UK), September 2003.

Decay scheme evaluated by E. Schonfeld
(Physikalisch-Technische Bundesanstalt, Germany),
June 1999.

Recommended data
Half-life

T, = 64.851(5) d

E, (keV) P, per decay
514.0048(22) 0.985(4)
SELECTED X RAYS

Origin Ey (keV) Py per decay
Rb L 1.58-2.20 0.0255(7)
Rb Ka, 13.3359(2) 0.1716(17)
Rb Ko, 13.3955(1) 0.3304(29)
Rb KB, 14.95-15.09 0.0804(10)
Rb KB, 15.19-15.21 0.0093(4)

Emission probabilities per decay of K X rays were calcu-
lated from the data set described in Ref. [8].

Input data

HALF-LIFE

Half-life (d) Reference
64.8530(81) [H1]
64.85(14) [H2]
64.845(9) [H3]
64.856(7) [H4]
64.84(3) [H5]
65.0(50) [H6]
65.0(49) [H7]
64.93(22) [HS]
64.68(8) [H9]
66.6(6)* [H10]
64.851(5)

a

Rejected as an outlier.

REFERENCES — HALF-LIFE

[HI] UNTERWEGER, M.P, HOPPES, D.D., SCHIMA,
F.J., Nucl. Instrum. Methods Phys. Res. A312 (1992)
349.
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[H2] WALZ, K.F, DEBERTIN, K., SCHRADER, H.,
Int. J. Appl. Radiat. Isot. 34 (1983) 1191.

[H3] RUTLEDGE, A.R., SMITH, L.V., MERRITT, J.S,,
Rep. AECL-6692 (1980).

[H4] HOUTERMANS, H., MILOSEVIC, O,
REICHEL, FE, Int. J. Appl. Radiat. Isot. 31 (1980)
153.

[HS] THOMAS, D.J., Z. Phys. A289 (1978) 51.

[H6] VATAIL E., XENOULIS, A.C., BAKER, K.R,,
TOLEA, F, FINK, R.W., Nucl. Phys. A219 (1974)
59s.

[H7] ARAMINOWICZ, J., DRESLER, J, INR-1464
(1973) 14.

[H8] EMERY, JE, REYNOLDS, S.A., WYATT, E.L,
GLEASON, G.L, Nucl. Sci. Eng. 48 (1972) 319.

[H9] LAGOUTINE, F, LEGRAND, J., PERROT, C.,
BRETHON, J.P, MOREL, J,, Int. J. Appl. Radiat.
Isot. 23 (1972) 219.

[H10]GROTHEER, H.H., HAMMER, JW,
HOFFMAN, K.W., Z. Phys. 225 (1969) 293.

GAMMA RAYS: MEASURED AND EVALUATED RELATIVE EMISSION PROBABILITIES

E, (keV) [1] 2] 3] [4] [5] [6] [7] Evaluated [8]
514.0 100 100 100 100 100 100 100
868.98(5) 0.017 0.010 0.014 0.01154 0.0125 0.0125 0.0123(3)

a

Rejected value.

Comments:

Evaluated emission probabilities are the
weighted averages calculated according to the
limitation of relative statistical weights method; no
value has a relative weighting factor greater than
0.50.

The transition probability of 0.008(4) for the
EC transition directly feeding the ground state of
%Rb yields for P,..(514 keV) = 0.992(4).
Furthermore, when this value is combined with the
total conversion coefficient of the 514 keV
transition, P (514 keV) = 0.985(4).

REFERENCES — RADIATIONS

[1] HELMER, R.G., VAN DER LEUN, C., Nucl.
Instrum. Methods Phys. Res. A450 (2000) 35.

[2] SATTLER, A.R., Phys. Rev. 127 (1962) 854.

[3] VARTANOV,N.A., SAMOILOV, PS., TSATUROV,
Y.S., Sov. J. Nucl. Phys. 3 (1966) 436.

[4] VATAI, E., XENOULIS, A.C., BAKER, KR,
TOLEA, F, FINK, R.W., Nucl. Phys. A219 (1974)
595.

[S] PRATT, W.W., I. Inorg. Nucl. Chem. 39 (1977) 919.

[6] THOMAS, D.J., Z. Phys. A289 (1978) 51.

[7] MEYER, R.A., FONTANILLA, JE., SMITH,
N.L., Phys. Rev. C21 (1980) 2590.

[8] BE, M.-M., et al, Table de Radionucléides,
Comments on Evaluations, CEA Saclay, Gif-sur-
Yvette (1999).
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[9] BE, M.-M., et al., Table de Radionucléides, CEA
Saclay, Gif-sur-Yvette (1999).

Detailed tables and comments can be found in
Refs [8, 9].

88Y

Half-life evaluated by M.J. Woods (National
Physical Laboratory, UK), September 2003.

Decay scheme evaluated by E. Schonfeld
(Physikalisch-Technische Bundesanstalt, Germany),
November 1998.

Recommended data
Half-life
T,, =106.625 (24) d

SELECTED GAMMA RAYS

E, (keV) P, per decay
898.036(4) 0.9390(23)
1836.052(13) 0.9938(3)




SELECTED X RAYS

Origin Ey (keV) Py per decay
Sr L 1.6-22 0.0277(8)
Sr Ka, 14.0980(1) 0.1730(22)
Sr Ko, 14.1652(2) 0.332(4)
Sr KB, 15.8359(4) 0.0821(12)
Sr KB, 16.0847(6) 0.0107(4)
Input data

HALF-LIFE

Half-life (d) Reference
106.65(13) [H1]
106.626(44) [H2]
106.66(6) [H3]
106.612(14) [H4]
107.15(65)° [H5]
107.1(14)" [H6]
106.6(14) [H7]
108.4(9)° [HS]
106.625(24)

* Uncertainty increased to (34) to ensure a weighting

factor not greater than 0.50.

> Rejected as an outlier.

[H1]

REFERENCES — HALF-LIFE

MARTIN, R.H., BURNS, K.I.W,, TAYLOR, J.G.V.,,
Nucl. Instrum. Methods Phys. Res. A390 (1997)
267.

UNTERWEGER, M.P, HOPPES, D.D., SCHIMA,
F.J., Nucl. Instrum. Methods Phys. Res. A312 (1992)
349.

WALZ, K.F,, DEBERTIN, K., SCHRADER, H.,,
Int. J. Appl. Radiat. Isot. 34 (1983) 1191.
HOUTERMANS, H., MILOSEVIC, O,
REICHEL, F, Int. J. Appl. Radiat. Isot. 31 (1980)
153.

KONSTANTINOV, A.A., SAZONOVA, TE,
SEPMAN, S.V., ZANEVSKY, A.V,, in Nuclear
Spectroscopy Structure Atomic Nuclei (Proc. 40th
Ann. Conf. Leningrad, 1990), 1990.

BORMANN, M. FEDDERSEN, H.-K,
HOLSCHER, H.-H., SCOBEL, W., WAGENER,
H., Z. Phys. A277 (1976) 203.

LAGOUTINE, F, LEGRAND, I, BAC, C, Int. J.
Appl. Radiat. Isot. 26 (1975) 131.

GROTHEER, HH., HAMMER, IW,,
HOFFMAN, K.W., Z. Phys. 225 (1969) 293.

GAMMA RAYS: MEASURED AND EVALUATED RELATIVE EMISSION PROBABILITIES

E, (keV) [1] 2] 3] [4° [5]° [6] [7] 8] [9]  Evaluated [10]
898.0 94.0(7) 91 92.0(7) 92.1 93.8(11)  94.4(3)  94.9(4)  948(9)  94.44(22)
1836.1 100 100 100 100 100 100 100 100 100

Rejected because uncertainties are not quantified.

Y (Classified as outlier.

Comments:

Evaluated emission probabilities are the
weighted averages calculated according to the
limitation of relative statistical weights method; no
value has a relative weighting factor greater than
0.50.

Absolute  emission  probabilities  were
calculated from XP (1836 + 2734 + 3219 keV) =
1.0 to give an NF of 0.009938(3).

REFERENCES — RADIATIONS

HELMER, R.G, VAN DER LEUN, C., Nucl
Instrum. Methods Phys. Res. A450 (2000) 35.
PEELE, R.W., Nucl. Phys. Ann. Prog. Rep. ORNL
3016 (1960) 110.

SHASTRY, S., BHATTACHARYYA, R., Nucl.
Phys. 55 (1964) 397.

ARDISSON, G,, LARIBI, S., MARSOL, C., Nucl.
Phys. A223 (1974) 616.

HEATH, R.L., Gamma-ray Spectrum Catalogue,
Rep. ANCR 1000-2 (1974).
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[6] ANTONEVA, N.M., et al., Bull. Acad. Sci. USSR,
Phys. Ser. 43 (1979) 155.

[7] YOSHIKAWA, Y., et al., Nucl. Instrum. Methods
174 (1980) 109.

[8] HOPPES, D.D., HUTCHINSON, JM.R.,
SCHIMA, EJ., UNTERWEGER, M.P, NBS-SP
626 (1982) 85.

[9] SCHOTZIG, U., Nucl. Instrum. Methods Phys. Res.
A286 (1990) 523.

[10] BE, M.-M., et al, Table de Radionucléides,
Comments on Evaluations, CEA Saclay, Gif-sur-
Yvette (1999).

[11] BE, M.-M., et al., Table de Radionucléides, CEA
Saclay, Gif-sur-Yvette (1999).

Detailed tables and comments can be found in
Refs [10, 11] and on http:/www.nucleide.org/
DDEP_WG/DDEPdata.htm

93mNb
Half-life evaluated by M.J. Woods (National
Physical Laboratory, UK), September 2003.
Decay scheme evaluated by V.P. Chechev and
N.K. Kuzmenko (V.G. Khlopin Radium Institute,
Russian Federation), June 1999.
Recommended data

Half-life

Ty, = 5.73(22) x 10°d

GAMMA RAY

E, (keV) P, per decay
30.77(2) 5.59(16) x 107
SELECTED X RAYS

Origin Ey (keV) Py per decay
Nb L 1.90-2.66 0.0289(13)
Nb Ka, 16.5213 0.0316(7)
Nb Ko, 16.6152 0.0604(12)
Nb KB, 18.618 0.0156(5)
Nb KB, 18.953 0.0023(1)
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Input data

HALF-LIFE

Half-life (d) Reference
5891(55)* [H1]
5884(70) [H2]
4164(330) [H3]
4967(110) [H4]

5.73(22) x 10°

® Uncertainty increased to (59) to ensure a weighting
factor not greater than 0.50.

REFERENCES — HALF-LIFE

[H1] VANINBROUKX, R., Int. J. Appl. Radiat. Isot. 34
(1983) 1211.

[H2] LLORET, R., Radiochem. Radioanal. Lett. 50
(1981) 113.

[H3] HEGEDUES, F,, Rep. EUR 5667E (1976) 757.

[H4] FLYNN, K.E,, GLENDENIN, L.E., STEINBERG,
E.P, Nucl. Sci. Eng. 22 (1965) 416.

Gamma ray: Energy and absolute emission
probability

The energy of y ray has been taken from Ref. [1].

The absolute y ray emission probability has
been computed from the decay scheme using the
total internal conversion coefficient o = 2.62(5) x
10* from Ref. [2] for M4 multipolarity (determined
confidently from measured sub-shell conversion
electron ratios).

XK rays: Total absolute emission probability

The total absolute XK ray emission probability
computed from the internal conversion coefficients
ar = 1.79(5) x 10°, o = 2.62(8) x 10* [2] and K-
fluorescence yield o, = 0.751(4) [3] is 0.1099(40).
This value coincides with the average [0.1099(22)]
of three measurements of 0.107(3) [4], 0.1104(28)
[5] and 0.1112(22) [6]. Other measurements give
slightly higher values: 0.116(4) [7] and 0.115(3) [8].

Adopted total absolute XK ray emission
probability is 0.1099(22) [9, 10].

REFERENCES — RADIATIONS

[1] MOREL,J., PEROLAT,J.-P, COURSOL, N,, C.R.
Acad. Sci., Paris, Ser. B 284 (1977) 223.



[2] ROSEL, F, FRIES, HM., ALDER, K., PAULI,
H.C., At. Data Nucl. Data Tables 21 (1978) 92.

[3] SCHONFELD, E., JANSSEN, H., Nucl. Instrum.
Methods Phys. Res. A369 (1996) 527.

[4] ALBERTS, W.G.,, HOLLNAGEL, R., KNAUF K.,
PESSARA, W., Reactor Dosimetry (Proc. 4th
ASTM-EURATOM Symp., Gaithersburg, 1982)
(KAM, FBK., Ed.), Rep. NUREG/CP-0029, NRC,
Washington, DC (1982) 433.

[S] GEHRKE, R.J., ROGERS, JW.,, BAKER, JD,
Reactor Dosimetry (Proc. Sth ASTM-EURATOM
Symp. Geesthacht, 1984), Dordrecht (1985) 319.

[6] COURSEY, B.M,, et al., Nucl. Instrum. Methods
Phys. Res. A290 (1990) 537.

[7] BAMBYNEK, W, REHER, D. VANIN-
BROUKX, R., Neutron Physics and Nuclear Data
for Reactors and other Applied Purposes (Proc.
Int. Conf. Harwell, 1978), OECD Nuclear Energy
Agency, Paris (1978) 778.

[8] VANINBROUKX, R., Int. J. Appl. Radiat. Isot. 34
(1983) 1211.

[9] CHECHEYV, VP, KUZMENKO, NXK., Nuclear
Shells — 50 Years (Proc. Int. Nuclear Physics Conf.,
2000) (OGANESSIAN, YUTS., KALPA-
KCHIEVA, R., Eds), World Scientific, Singapore
(2000) 534,.

[10] CHECHEYV, V.P, KUZMENKO, N.K., Izmeritel-
naya Tekhnika 2 (2000) 49 (in Russian).

Detailed tables and comments can be found in
Refs [9, 10] and on
http://www.nucleide.org/DDEP_WG/DDEPdata.htm

94Nb

Half-life evaluated by M.J. Woods (National
Physical Laboratory, UK), September 2003.

Decay scheme evaluated by S.A. Woods and
T.D. MacMahon (National Physical Laboratory,
UK), March 2004.

Recommended data
Half-life
T,,=73(9) x 10°d

SELECTED GAMMA RAYS

E, (keV)* P, per decay
702.639(4) 0.99815(6)
871.114(3) 0.99892(3)

* From Ref. [1].

Input data

HALF-LIFE

Half-life (d) Reference
7.41(59) x 106 [H1]
6.6(15) x 10° [H2]
8.0(19) x 10° [H3]

7.3(9) x 10°

a

Uncertainty increased to (118) to ensure a weighting
factor not greater than 0.50.

REFERENCES — HALF-LIFE

[H1] SCHUMANN, R.P, GORIS, P, J. Inorg. Nucl.
Chem. 12 (1959) 1.

[H2] ROLLIER, M.A., SAELAND, E., MORPURGO,
A., CAGLIERIS, A., Acta Chem. Scand. 9 (1955)
57.

[H3] DOUGLAS, D.L., McWHERTER, A.C,
SCHUMANN, R.P, Phys. Rev. 92 (1953) 369.

Gamma rays: Emission probabilities

Absolute y ray emission probabilities were
determined from the assumption of 100% [3 branch
to the 1573.7 keV 4 level in **Mo, followed by an
E2 transition of 702.6 keV with P, .. = 1.0 to the
871.1 keV 2% level, and a second E2 transition of
871.1 keV with P, . = 1.0 to the **Mo 0" ground
state. These E2 assignments arise from the studies
of Kuebbing and Casper [2]. Total internal
conversion coefficients have been derived from the

tables of Hager and Seltzer [3] as follows:

702.6 keV transition: a,,, = 1.85(6) x 107
and therefore P, = 0.99815(6),

871.1 keV transition: o, = 1.08(3) x 107
and therefore P, = 0.99892(3),

assuming 3% uncertainty on the internal conversion
coefficients. A measurement of the relative
intensities [4]

1,(703 keV)/L(871 keV) = 0.98(2)

is consistent with the above recommendations.
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REFERENCES — RADIATIONS

[1] HELMER, R.G, VAN DER LEUN, C., Nucl.
Instrum. Methods Phys. Res. A450 (2000) 35.

[2] KUEBBING, R.A., CASPER, K.J, Nucl. Phys.
A98 (1967) 75.

[3] HAGER, RS, SELTZER, E.C, Nucl. Data A4
(1968) 1.

[4] EAST, L.V, Nucl. Instrum. Methods 93 (1971) 193.

95Nb

Half-life evaluated by M.J. Woods (National
Physical Laboratory, UK), September 2003.

Decay scheme evaluated by R.G. Helmer
(Idaho National Laboratory, USA), January 1999.

Recommended data
Half-life

T, = 34.985 (12) d

SELECTED GAMMA RAY

E, (keV)
765.803(6)*

P, per decay
0.99808(7)°

a

b

From Ref. [1] for equivalent decay of *™Tc.

Emission probability is

{1.00 — I,(0) - 13(204 ke V) — P (561 ke V)[(1.0

+ (561 keV)]}/[1.00 + a(765 ke V)]

=[0.9988(3) — 0.000075(4)]/[1.000174(4)]

Py(0) is 0.00030(5) from the measurement of Ref. [2],
I;(204 keV) is less than or equal to 0.00002 from logft
systematics [3], and the internal conversion coefficient is
interpolated from the tables of Ref. [4].

SELECTED X RAYS

Origin Ey (keV) Py per decay
Mo L 2.01-2.83 0.000055(9)
Mo Ka, 17.374 0.000286(9)
Mo Ko, 17.479 0.000546(17)
Mo KB, 19.59-19.77 0.000143(5)
Mo KB, 19.96-20.00 0.0000220(11)
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Input data

HALF-LIFE

Half-life (d) Reference
34.997(6) [H1]
34.98(2) [H2]
34.979(9) [H3]
34.97(1) [H4]
35.10(7) [H5]
35.15(3)° [H6]
34.985(12)

a

Uncertainty increased to (7) to ensure a weighting
factor not greater than 0.50.

® Rejected as an outlier.

REFERENCES — HALF-LIFE

[H1] MARTIN, R.H., BURNS, K.ILW., TAYLOR, J.G.V.,,
Nucl. Instrum. Methods Phys. Res. A390 (1997)
267.

[H2] RUTLEDGE, A.R., SMITH, L.V., MERRITT, J.S,,
AECL-6692 (1980).

[H3] HOUTERMANS, H, MILOSEVIC, O,
REICHEL, F, Int. J. Appl. Radiat. Isot. 31 (1980)
153.

[H4] HANSEN, H.H., Z. Phys. A278 (1976) 317.

[HS5] LAGOUTINE, F, GALLIC, Y.L., LEGRAND, J,
Int. J. Appl. Radiat. Isot. 19 (1968) 475.

[H6] REYNOLDS, S.A., EMERY, JE, WYATT, E.L,
Nucl. Sci. Eng. 32 (1968) 46.

REFERENCES — RADIATIONS

[1] HELMER, R.G, VAN DER LEUN, C., Nucl
Instrum. Methods Phys. Res. A450 (2000) 35.

[2] ANTONEVA, N.M., et al., Bull. Acad. Sci. USSR,
Phys. Ser. 38 (1974) 154.

[3] SINGH, B., RODRIGUEZ, JL., WONG, S.S.M.,
TULL, JK., Nucl. Data Sheets 84 (1998) 487.

[4] ROSEL, F, FRIES, H.M., ALDER, K., PAULI,
H.C., At. Data Nucl. Data Tables 21 (1978) 92.

Detailed tables and comments can be found on
http://www.nucleide.org/DDEP_WG/DDEPdata.htm



99M 0_99mT ¢

Half-life evaluated by M.J. Woods (National

Physical Laboratory, UK), September 2003.

Decay scheme evaluated by M.-M. Bé,
C. Morillon (Commissariat 2 I’Energie Atomique,
A.G. Egorov

France) and V.P. Checheyv,

(V.G. Khlopin Radium Institute, = Russian
Federation), January 2001.

Recommended data

Half-life (?Mo)

T,,=2.7478(7) d

SELECTED GAMMA RAYS

Parent E, (keV) P, per decay
Mo 40.58323(17)" 0.01022(27)
9me 140.511(1)° 0.896(17)
Mo 181.094(2) 0.0601(11)
Mo 366.421(15)° 0.01194(23)
Mo 739.500(17)° 0.1212(15)
Mo 777.921(20)¢ 0.0428(8)

* From Ref. [1].
® From Ref. [2].
¢ From Ref. [3].

SELECTED X RAYS

Origin Ey (keV) Py per decay
Tc L 2.424-2.537 0.00697(17)
Tc Ka, 18.2510 0.0319(9)
Tc Ka, 183672 0.0606(16)
Tc KB, 20.60-20.79 0.0161(5)
Tc KB, 21.00-21.04 0.00254(11)
Input data

HALF-LIFE

Half-life (d) Reference
2.7489(6) [H1]
2.746829(242) [H2]
2.74771(13)" [H3]
2.75083(42) [H4]
2.7478(7)

Uncertainty increased to (20) to ensure a weighting
factor not greater than 0.50.

REFERENCES — HALF-LIFE

[H1] SCHRADER, H., Appl. Radiat. Isot. 60 (2004)
317.

[H2] UNTERWEGER, M.P, HOPPES, D.D., SCHIMA,
FJ., Nucl. Instrum. Methods Phys. Res. A312 (1992)
349.

[H3] HOUTERMANS, H, MILOSEVIC, o,
REICHEL, F, Int. J. Appl. Radiat. Isot. 31 (1980)
153.

[H4] EMERY, JLE, REYNOLDS, S.A., WYATT, E.L,
GLEASON, G.I., Nucl. Sci. Eng. 48 (1972) 319.

GAMMA RAYS: MEASURED AND EVALUATED RELATIVE EMISSION PROBABILITIES

E, (keV) [4] (5] [6] [7] (8] 9]
40.58 — 6.9(8) 4.6(18)" 5.9(15) 8.68(27) —
140.51 649(25) 704(45) 730(49) 743(19) 747(12) 759(20)
181.09 48.7(23) 49.9(34) 49.6(42) 49.1(16) 50.1(7) —
366.42 10.6(8) 10.7(6) 10.0(9) 9.8(3) 9.52(32) —
739.50 100 100 100 100 100 100
777.92 35.1(24) 34.9(20) 35.8(30) 35.5(10) 35.8(9) —

55



GAMMA RAYS: MEASURED AND EVALUATED RELATIVE EMISSION PROBABILITIES (cont.)

E, (keV) [10] [11] [3] [12] Evaluated
40.58 7.7(6) — 8.6(5) 8.49(25) 8.43(20)
140.51 689(49) 752(20) 755(26) 739(11) 739(11)
181.09 49.8(33) 48.7(13) 50.3(17) 49.4(8) 49.6(7)
366.42 9.8(8) — 9.92(25) 9.82(15) 9.85(15)
739.50 100 100 100 100 100
777.92 34.8(19) — 35.3(12) 35.1(5) 35.3(5)

Rejected as an outlier.

Comments:

Energy of 181.094(2) keV has been computed
from the adopted energies of other y transitions
using y cascades of the decay scheme.

“Mo and *™Tc are considered to be in
equilibrium, and all absolute emission probabilities
are given per decay of *’Mo.

Absolute emission probability of the
739.50 keV yray has been obtained by averaging
data of 0.1200(33) [3], 0.1214(22) [8], 0.119(3) [11]
and 0.123(3) [13].

REFERENCES — RADIATIONS

GARDULSKI, PL., WIEDENBECK, M.L., Nucl.
Instrum. Methods 105 (1972) 169.

HELMER, R.G., VAN DER LEUN, C., Nucl
Instrum. Methods Phys. Res. A450 (2000) 35.
MEYER, R.A., Fizika, Zagreb 22 (1990) 153.

VAN EIJIK, CW.E, et al., Nucl. Phys. A121 (1968)
440.

COOK, WB. SCHELLENBERG, L., JOHNS,
M.W., Nucl. Phys. A139 (1969) 277.

GEHRKE, R.J.,, McISAAC, L.D., HEATH, R.L,,
Rep. ANCR-1129 (1973) 23.

MOREL, J., PEROLAT, J.P., CEA-N-2043 (1978).
DICKENS, JK., LOVE, TA. Nucl. Instrum.
Methods 175 (1980) 535.

CHUNXIANG, YANG, et al., Chin. J. Nucl. Phys. 2
(1980) 41.

SINGH, K., SAHOTA, H.S.J., Phys. Soc. Jpn. 51
(1982) 3766.

DA, CHEN, IEEE Trans. Nucl. Sci. 32 (1985) 71.
GOSWAMY, J, CHAND, B, MEHTA, D,
SINGH, N., TREHAN, PN., Appl. Radiat. Isot. 43
(1992) 1467.

SIMONITS, A.J., Radioanal. Nucl. Chem. 67 (1981)
61.

56

Detailed tables and comments can be found on
http://www.nucleide.org/DDEP_WG/DDEPdata.htm

99mT c

Half-life evaluated by M.J. Woods (National
Physical Laboratory, UK), September 2003.
Decay scheme evaluated by M.-M. B¢, C.

N

Morillon (Commissariat a 1'Energie Atomique,

France) and V.P. Chechev, A.G. Egorov
(V.G.Khlopin ~ Radium  Institute, = Russian
Federation), January 2001.

Recommended data

Half-life

T,, =0.250281(22) d

SELECTED GAMMA RAYS

E, (keV) P, per decay
140.511(1) 0.885(2)
142.683(1) 0.00023(2)
SELECTED X RAYS

Origin Ey (keV) Py per decay

Tc L 2.424-2.537 0.00482(12)

Tc Ka, 18.2510 0.0222(7)

Te Ko, 18.3672 0.0421(12)

Tc KB, 20.60-20.79 0.0112(4)

Te KB,  21.00-21.04 0.00177(8)




Input data

HALF-LIFE

Half-life (d) Reference
0.25024(5) [H1]
0.2502975(863) [H2]
0.2502992(363) [H3]
0.25029(4) [H4]
0.25025(9) [H5]
0.2508(4)* [H6]
0.25025(12) [H7]
0.25129(17)* [HS]
0.25058(17)* [HY]
0.250281(22)

a

Rejected as an outlier.

REFERENCES — HALF-LIFE

[H1] SCHRADER, H., Appl. Radiat. Isot. 60 (2004)
317.

[H2] M. DA SILVA, A.L., DE ALMEIDA, M.CM., DA
SILVA, CJ., DELGADQO, J.U., Appl. Radiat. Isot.
60 (2004) 301.

[H3] UNTERWEGER, M.P, HOPPES, D.D., SCHIMA,
FJ., Nucl. Instrum. Methods Phys. Res. A312 (1992)
349.

[H4] SANTRY, D.C.,, BOWES, G.C., Health Phys. 57
(1989) 673.

[HS] HOUTERMANS, H.,, MILOSEVIC, O,
REICHEL, FE, Int. J. Appl. Radiat. Isot. 31 (1980)
153.

[H6] EMERY, JE, REYNOLDS, S A., WYATT, E.L,
GLEASON, G.I., Nucl. Sci. Eng. 48 (1972) 3109.

[H7] GOODIER, L.W., WOODS, M.J.,, WILLIAMS, A.,
Chemical Data (Proc. Int. Conf. Canterbury, UK,
1971), HURRELL, M.L., Ed. (1971).

[H8] LEGRAND, J,, LAGOUTINE, F, BRETHON,
J.P, Int. J. Appl. Radiat. Isot. 21 (1970) 139.

[H9] VUORINEN, A., Ann. Acad. Sci. Fenn. Ser. 311
(1969) 1.

Gamma rays: Energies and measured emission
probabilities

The energy of 140.511(1) keV has been taken
from Ref. [1], while an energy of 142.683(1) keV
was calculated in terms of a gamma cascade that
represents the sum of the adopted energies of the
2.17 keV [2]and 140.51 keV gamma transitions.

Absolute emission probability of the
140.51 keV y ray was obtained by averaging the
experimental data of 0.880(24) [3], 0.872(5) [4],
0.8875(14) [5], 0.8730(21) [6] and 0.8820(26) [7]-.

The absolute emission probability of the
142.68 keV y ray was derived from the ratio of the
emission probabilities:

P ... (142.68 keV)/P , .(140.51 keV) = 0.0097(7) to
be found in Mo + *™Tc evaluation, which
corresponds to

P (142.68 keV)/P (140.51 keV) = 0.00026(2), and an
absolute y ray emission probability of 0.00023(2).

REFERENCES — RADIATIONS

[1] HELMER, R.G., VAN DER LEUN, C., Nucl.
Instrum. Methods Phys. Res. A450 (2000) 35.

[2] GERASIMOV, VN, ZELENKOV, A.G,
KULAKOV, VM., PCHELIN, V.A., SOLDATOV,
A.A., Sov. J. Nucl. Phys. 34 (1981) 1.

[3] LEGRAND, J., BLONDEL, M., MAGNIER, P,
PERROT, C.,, BRETHON, J.P, Rep. CEA-R-4427
(1973).

[4] DICKENS, JK. LOVE, T.A., Nucl. Instrum.
Methods 175 (1980) 535.

[5] RUTLEDGE, A.R.,SMITH, L.V., MERRITT, J.S,,
Rep. AECL-6692 (1980).

[6] SIMONITS, A.J., Radioanal. Nucl. Chem. 67 (1981)
61.

[7] DA, CHEN, IEEE Trans. Nucl. Sci. 32 (1985) 71.

Detailed tables and comments can be found on
http://www.nucleide.org/DDEP_WG/DDEPdata.htm

103R“

Half-life evaluated by M.J. Woods, S.M.
Collins and S.A. Woods (National Physical
Laboratory, UK), January 2004.

Gamma ray and X ray emission probabilities
evaluated by T.D. MacMahon (National Physical
Laboratory, UK) and M.-M. Bé (Commissariat a
I’Energie Atomique, France), December 2005.

Recommended data
Half-life

T,, = 39.247(13) d
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SELECTED GAMMA RAYS

E, (keV) P, per decay
39.760(10)* 0.00071(3)
53.275(10)° 0.00384(6)
294.98(2)¢ 0.00289(6)
443.80(2)¢ 0.00344(3)
497.08(2)¢ 0.9131(7)
557.04(2)¢ 0.00855(5)
610.33(2)° 0.0578(3)

* Weighted mean from Refs [3, 4].

® From Ref. [3].

¢ From Ref. [6].

SELECTED X RAYS

Origin Ey (keV) Py per decay
Rh L 2.38-3.36 0.0412(19)
Rh Ka, 20.074 0.0248(15)
Rh Koy 20.216 0.047(3)
Rh KB, 22.699-22.911 0.0128(8)
Rh KB,' 23.172-23.217 0.00212(15)

Input data

HALF-LIFE

Half-life (d) Reference
39.272(16) [H1]
39.214(13) [H2]
39.260(20) [H3]
39.254(8)* [H4]
39.247(13)

a

Uncertainty increased to (10) to ensure a weighting

factor not greater than 0.50.

[H1]
[H2]
[H3]

[H4]

REFERENCES — HALF-LIFE

WALZ, K.F.,, DEBERTIN, K., SCHRADER, H.,
Int. J. Appl. Radiat. Isot. 34 (1983) 1191.
MIYAHARA, H., GOTOH, T., WATANABE, T.,
Int. J. Appl. Radiat. Isot. 32 (1981) 573.
VANINBROUKX, R., GROSSE, G., ZEHNER,
W., Int. J. Appl. Radiat. Isot. 32 (1981) 589.
HOUTERMANS, H, MILOSEVIC, o,
REICHEL, F, Int. J. Appl. Radiat. Isot. 31 (1980)
153.

GAMMA RAYS: MEASURED AND EVALUATED RELATIVE EMISSION PROBABILITIES

E, (keV) (1] (2] (3] (4] [5] (6]
39.759 0.063(5) 0.073(6) 0.037(9) _ _ 0.079(2)
53.282 0.38(3) 0.39(3) 0.34(6) . 0.6(2) 0.42(2)
294.98 0.24(2) 030(3) 030(3) 0.30(5) 0.4(2) 0.280(9)
443.80 0.40(3) 0.49(5) 0.34(3) 0.42(5) 0.8(3) 0.36(1)
497.08 100 100 100 100 100 100(3)
557.04 0.90(6) 0.88(9) 0.88(7) 0.94(4) 1.4(2) 0.93(3)
61033 6.1(4) 6.2(6) 6.24(31) 6.43(13) 6.7(10) 63(2)
E, (keV) 7] (8] 9] lle":t‘i‘j;esy Absolute P,

39.759 0.098(9) _ 0.0776(29) 0.078(3) 0.00071(3)

53.282 0.487(11) _ 0.422(7) 0.420(6) 0.00384(6)

294.98 0.333(5) _ 0.322(9) 0.316(6) 0.00289(6)

443.80 0.379(4) _ 0.374(6) 0.376(3) 0.00344(3)

497.08 100.0(11) 100.0(3) 100 100 0.9131(7)

557.04 0.954(11) 0.933(7) 0.926(13) 0.936(5) 0.00855(5)

61033 6.33(5) 6.35(4) 6.19(3) 6.32(3) 0.0578(3)

a
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Absolute yray emission probabilities from Ref. [9] converted to relative emission probabilities.



Comments:

53.282 keV gamma ray: data are discrepant
with a reduced %> of 5.9. Normalized residuals
(NORM) and Rajeval evaluation techniques are
designed to deal with such cases [10] — both
techniques adjust the uncertainty of Ref. [7] datum,
and agree on the result listed above.

294.98 keV gamma ray: the reduced y” is 6.2,
with discrepant data identified with Refs [1, 6, 7].
The NORM result is 0.313(6) and that of Rajeval is
0.320(6) — a mean of these two results has been
adopted.

443.80, 557.04 and 610.33 keV 7y rays: data are
consistent in each case (reduced y* of 1.9, 1.3 and
0.6, respectively), and the weighted means have
been adopted.

The absolute emission probability of the
497.1 keV yray can be determined in two ways:

(i) From the population/depopulation balance of
the 536.8 keV level of the 'Rh daughter
nucleus. Py(536.8 keV level) has been
measured by Ohshima et al. [11] to be
0.922(4), to give an NF of 0.00914(4).

(ii) From the requirement that the sum of all
transitions to the ground state and 39.8 keV
first excited state (excluding the 39.8 keV
isomeric transition) should equal unity. Using
the decay scheme of Ref. [9] and the beta
branching ratio to the ground state of
0.0087(5), as measured by Ohshima et al. [11],
leads to an NF of 0.009131(7).

Conversion coefficients for the transitions in
the above calculations have been taken from the
output of the EMISSION program [12]. The two
NFs are in good agreement, and the more precise
value of 0.009131(7) has been adopted to derive the
absolute y ray emission probabilities shown in the
table above.

X rays: Energies and emission probabilities

X ray emission probabilities were calculated
using the EMISSION program [12], atomic data
from Schonfeld and Janfen [13], and the
recommended y ray emission probabilities. The KX
ray energies are taken from Bearden [14] and the
ICCs are calculated from Band et al. [15].

REFERENCES — RADIATIONS

[1] NIESCHMIDT, E.B., private communication
quoted in Ref. [4].

[2] ZOLLER, W.H., MACIAS, E.S., PERKAL, M.B,,
WALTERS, W.B., Nucl. Phys. A130 (1969) 293.

[3] RAESIDE, D.E., REIDY, JJ, WIEDENBECK,
M.L., Nucl. Phys. A134 (1969) 347.

[4] PETTERSSON, H., ANTMAN, S., GRUNDITZ,
Y., Z. Phys. 233 (1970) 260.

[5] SUD, S.P, SURI, K.K., TREHAN, PN., J. Phys.
Soc. Jpn. 28 (1970) 1387.

[6] MACIAS, ES., PHELPS, M.E., SARANTITES,
D.G.,, MEYER, R.A_, Phys. Rev. C14 (1976) 639.

[7] CHAND, B, et al., Nucl. Instrum. Methods Phys.
Res. A273 (1988) 310.

[8] MIYAHARI, H., NOZUE, Y., MORI, C., Nucl
Instrum. Methods Phys. Res. A312 (1992) 359.

[9] SCHOTZIG, U., Appl. Radiat. Isot. 45 (1994) 641.

[10] MacMAHON, T.D., PEARCE, A., HARRIS, P,
Appl. Radiat. Isot. 60 (2004) 275

[11] OHSHIMA, M., MATUMOTO, Z., TAMURA, T,
J. Phys. Soc. Jpn. 51 (1982) 43.

[12] SCHONFELD, E., JANSSEN, H., The Program
EMISSION, Version 3.04 (2002) ) — A computer
program for calculating emission probabilities of
Xrays and Auger electrons emitted in nuclear
disintegration processes.

[13] SCHONFELD, E., JANSSEN, H., Nucl. Instrum.
Methods Phys. Res. A369 (1996) 527.

[14] BEARDEN, J.A., Rev. Mod. Phys. 39 (1967) 78.

[15] BAND, IM., TRZHASKOVSKAYA, M.B,
NESTOR, C.W,, Jr., TIKKANEN, P.O., RAMAN,
S., At. Data Nucl. Data Tables 81 (2002) 1.

106R“_106Rh

Half-life evaluated by M.J. Woods, S.M.
Collins and S.A. Woods (National Physical
Laboratory, UK), January 2004.

Decay scheme evaluated by T.D. MacMahon
(National Physical Laboratory, UK), February 2005.
Recommended data
Half-life
T,,, ("*Ru) = 371.8(18) d

T, ("Rh) = 0.000348(4) d
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SELECTED GAMMA RAYS OF '“Rh

E, (keV) P, per decay
511.8534(23)° 0.2050(21)
616.22(9)° 0.00724(13)
621.93(6)" 0.0986(11)
873.49(5)° 0.00435(8)
1050.41(6)" 0.01488(22)
1128.07(5)° 0.00399(6)
* From Ref. [1].

® From Ref. [2].

Input data

HALF-LIFE ('*Ru)

Half-life (d) Reference
370.5(6) [H1]
373.59(15)" [H2]
368.0(18) [H3]
371(1) [H4]
365.8(17) [H5]
371.8(18)

a

factor not greater than 0.50.

Uncertainty increased to (48) to ensure a weighting

HALF-LIFE (*®Rh)

Half-life (d) Reference
0.0003449(9) [H6]
0.0003514(17) [H7]

0.000348(4)

* Uncertainty increased to (17) to ensure a weighting
factor not greater than 0.50.

REFERENCES — HALF-LIVES

SCHRADER, H., Appl. Radiat. Isot. 60 (2004)
317.

HOUTERMANS, H, MILOSEVIC, o,
REICHEL, F, Int. J. Appl. Radiat. Isot. 31 (1980)
153.

FLYNN, K.F.,, GLENDENIN, L.E., STEINBERG,
E.P, Nucl. Sci. Eng. 22 (1965) 416.

WYATT, E.I, REYNOLDS, S.A., HANDLEY,
T.H., LYONS, W.., PARKER, H.A., Nucl. Sci.
Eng. 11 (1961) 74.

EASTERDAY, H.T., SMITH, R.L., Nucl. Phys. 20
(1960) 155.

KOBAYASH]I, Y., JAERI-1178 (1969) 21.
MIDDELBOE, V., Nature 211 (1966) 283.

GAMMA RAYS: MEASURED AND EVALUATED RELATIVE EMISSION PROBABILITIES

E, (keV) 3] (4] (5] [6] [7] (8]
511.9 100 100 100 100 100 100
616.2 4.9(13) 3.5(3) 3.4(4) 5(1) 3.5(7) 32(2)
621.9 47(4) 48.5(10) 48.5(10) 47.3(6) 48.0(10) 47.7(5)
873.5 1.8(2) 2.1(1) 2.0(1) 1.80(25) 1.90(12) 2.3(1)
1050.4 6.8(5) 7.5(4) 8.0(5) 6.3(10) 7.2(4) 7.35(30)
1128.1 23(3) 2.0(1) - 1.60(25) 1.9(2) 2.15(10)
E, (keV) 9] [10] [11] [12] [13] [14]
511.9 100 100 100 100 100 100
616.2 3.37(27) 3.44(8) 3.8(2) 3.59(7) — 43(6)
621.9 47.6(15) 47.5(5) 47.6(23) 48.7(6) 50(3) 51.5(35)
873.5 2.02(8) — 2.50(12) 2.09(4) — 2.37(15)
1050.4 7.06(28) - 7.35(40) 7.11(9) - 8.4(5)
1128.1 1.87(8) — 1.93(9) 1.86(4) — 2.20(15)
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GAMMA RAYS: MEASURED AND EVALUATED RELATIVE EMISSION PROBABILITIES (cont.)

E, (keV) [15] [2] Reduced XZ i\l]:g\f:i;i Absolute P,
511.9 100 100 — 100 0.2050(21)
6162 3.59(72) 3.72(33) 1.0 3.53(5) 0.00724(13)
621.9 47.4(24) 48.68(60) 0.5 48.10(24) 0.0986(11)
873.5 2.09(13) 2.15(3) 26 2.12(3) 0.00435(8)
1050.4 7.27(44) 7.64(15) 1.8 7.26(8) 0.01488(22)
1128.1 1.92(4) 1.98(3) 1.8 1.946(20) 0.00399(6)
Comments: and normalized residuals [18] techniques both
support an increase in the uncertainty to 3
Evaluated relative emission probabilities were to take into account the slight discrepancy in
obtained from the following assessments: the data;
(c) Reduced y? is 1.8 for each of the 1050 and
(a) The weighted mean adopted for the 616 and 1128 keV vy rays — weighted mean, LRSW,
622 keV 7 rays, where the reduced y* is less normalized residuals and Rajeval [19]
than or equal to unity; techniques are all consistent and lead to the
(b) The weighted mean for the 873 keV 7 ray is recommendations listed above.

2.12(2) with a reduced y? of 2.6, but LRSW [17]

GAMMA RAYS: MEASURED AND EVALUATED ABSOLUTE EMISSION PROBABILITIES

E, (keV) [7] [9] [13] [14] Evaluated
511.9 0.21(2) 0.206(6) 0.2047(23) 0.220(11) 0.2050(21)
616.2 0.0069(7)* 0.00729(23)* 0.00735(12) — 0.00733(11)
621.9 0.093(9)° 0.099(3)* 0.0995(8) 0.110(10) 0.0995(8)

873.5 — — 0.00421(6) — 0.00421(6)
1050.4 - — 0.01452(13) — 0.01452(13)
1128.1 — — 0.00376(6) — 0.00376(6)

? Refs [7] and [9] gave emission probabilities for only the sum of the 616 and 622 keV vy transitions [0.100(10) and 0.106(3),
respectively]. As listed above, these values have been apportioned using the ratio P, (622 keV)/P (614 keV) = 13.55(20), as
measured by Debertin et al. [13].

Comments: REFERENCES — RADIATIONS

The absolute emission probability for the [1] HELMER, R.G., VAN DER LEUN, C., Nucl
511.9 keV v ray is taken from the above evaluation Instrum. Methods Phys. Res. A450 (2000) 35.
to be 0.2050(21). This value has been applied to the [2] KAUR, R. SHARMA, AK. SOOCH, SS.,

SINGH, N.,, TREHAN, P.N,, J. Phys. Soc. Jpn. 51
(1982) 23.

[3] ROBINSON, R.L., McGOWAN, EK., SMITH,
W.G., Phys. Rev. 119 (1960) 1692.

[4] RAO, PV, FINK, R.W., Nucl. Phys. A103 (1967)
385.

evaluated relative emission probabilities to obtain
the recommended absolute y ray emission probabil-
ities, as listed above.
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VRZAL, J., et al., Bull. Acad. Sci. USSR Phys. Ser.
31 (1968) 692.

FOREST, H., HUGUET, M., YTHIER, C., CR.
Acad. Sci., Paris, Ser. B 264 (1967) 1614.
OVECHKIN, V.V, RAGIMOV, TK., RAU, DF,
Sov. J. Nucl. Phys. 4 (1967) 484.

HATTULA, J., LIUKKONEN, E., Ann. Acad. Sci.
Fennicae, Ser. A VI 274 (1968) 3.

ODRU, P, Radiochim. Acta 12 (1969) 64.
STRUTZ, K.-D., STRUTZ, H.-J., FLAMMERS-
FELD, A., Z. Phys. 221 (1969) 231.

GRIGORIEV, E.P, ZOLOTAVIN, A.V,
SERGEEYV, V.O,, Sov. J. Nucl. Phys. 17 (1973) 583.
MARSOL, C., ARDISSON, G., Rev. Roum. Phys.
18 (1973) 1101.

DEBERTIN, K., SCHOTZIG, U.,, WALZ, K.F,
WEISS, H.M., Ann. Nucl. Energy 2 (1975) 37.
GEIDELMAN, A.M,, et al., Bull. Acad. Sci. USSR,
Phys. Ser. 39 (1975) 76.

HSUE, S.T, et al., Phys. Rev. C12 (1975) 582.
OKANO, K., KAWASE, Y., YAMADA, S., J. Phys.
Soc. Jpn. 43 (1977) 381.

Z1JP, W.L., ECN FYS/RASA-85/19 (1985).
JAMES, M.F., MILLS, R.W., WEAVER, D.R., Rep.
AEA-RS-1082 (1991).

RAJPUT, M.U,, MacMAHON, T.D., Nucl. Instrum.
Methods Phys. Res. A312 (1992) 289.

IIOmAg with IIOAg

Half-life evaluated by M.J. Woods (National

Physical Laboratory, UK), September 2003.

Decay scheme evaluated by R.G. Helmer

(Idaho National Laboratory, USA), December

2002.

Recommended data

Half-life (""" Ag)

Ty, = 249.85(10) d
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SELECTED GAMMA RAYS

E, (keV)* P, per decay®
446.812(3) 0.0365(5)
620.3553(17) 0.0272(8)
657.7600(11) 0.9438(8)
677.6217(12) 0.1056(6)
687.0091(18) 0.0645(3)
706.6760(15) 0.1648(3)
744.2755(18) 0.0471(3)
763.9424(17) 0.2231(9)
818.0244(18) 0.0733(4)
884.6781(13) 0.740(12)
937.483(3) 0.3451(27)
1384.2931(20) 0.247(5)
1475.7792(23) 0.0403(5)
1505.0280(20) 0.1316(16)
1562.294(18) 0.0121(3)

a

b

From Ref. [1].

Emission probabilities are derived from the averages of
the relative emission probabilities [2-9] in the table below
by means of the following normalization procedure:

Sum of the probabilities of the decay to the ground state
of ''9Ag and those following the B~ decay of ''"Ag to the
"Cd ground state is defined as 1.00. However, the
657 keV y ray, as listed in the table below, includes both a
component from the direct §~ decay of the isomer and a
component for the decay through the "’ Ag ground state.
Since 4.6(4) % of the '"°Ag ground state decays lead to the
657 keV v ray, the intensity of the isomeric decay is
reduced by this fraction. Based on the units of the table
below, the sum to be normalized to 1.00 is:

1(116 keV) x [1.0 + a(116 keV)][0.954] + L(657 keV)[1.0
+ 0(657 keV)] + L(1475 keV) + L,(1783 keV) = [0.085 x
169 x 0.954] + 1000[1.003] + 42.7 + 0.107 = 1059.5(9),

so NF is 0.0009438(8).

L,(116 keV) = 0.085(3) [8], 1,(1783 ke V) = 0.107(5) [4, 6~
9], a(116 keV) = 168(8) [10], and a(657 keV) = 0.00318(9)
[10]. An uncertainty of 5% in a(116 keV) has been
assigned by the evaluator.



SELECTED X RAYS

REFERENCES — HALF-LIFE

[H1] UNTERWEGER, M.P, HOPPES, D.D., SCHIMA,

Origin Ey (keV) Py per decay

Ag Ka, 21.9906 0.00198(12)

Ag Ka, 22.1632 0.00372(22) [H2]
Ag KB,  24.912-25.146 0.00103(7)

Ag KB, 25.457-25.512 0.000179(12) [H3]
cd Ka, 22.9843 0.00153(9)

Cd Ka, 23.1738 0.00288(16) [H4]
Cd KB, 26.061-26.304 0.00080(5)

cd Kp,’ 26.64-26.70 0.000146(9) [H5]
Input data

HALF-LIFE

Half-life (d) Reference

249.950(24)* [H1]

249.79(20) [H2]

249.74(5) [H3]

2522(3) [H4]

250.38(30) [H5]

249.85(10)

a

factor not greater than 0.50.

b

GAMMA RAYS: MEASURED AND EVALUATED RELATIVE EMISSION PROBABILITIES

Rejected as an outlier.

Uncertainty increased to (48) to ensure a weighting

F.J., Nucl. Instrum. Methods Phys. Res. A312 (1992)

349.

WALZ, K.F, DEBERTIN, K., SCHRADER, H.,
Int. J. Appl. Radiat. Isot. 34 (1983) 1191.

H., MILOSEVIC,
REICHEL, F, Int. J. Appl. Radiat. Isot. 31 (1980)

HOUTERMANS,

153.

o,

EMERY, JE, REYNOLDS, S.A., WYATT, E.IL,
Rep. ORNL-4466 (1970) 75.
LAGOUTINE, F,, LEGRAND, J.,, GALLIC, Y.L,
Int. J. Appl. Radiat. Isot. 20 (1969) 868.

E, (keV) (2] (3] [4] (5] (6] [7]
446.8 - 38.6(4) 41.8(6)* 39.0(12) 39.55(28) 39(2)
620.3 - 29.3(3) 29.5(4) 31.4(13) 29.65(19) 28.0(5)
657.7 =1000 1000 1000 1000 1000 1000
677.6 - 113.1(11) 111(2) 112.6(29) 110.9(8) 112(6)
687.0 - 68.5(7) 75.8(14)* 69.0(27) 68.0(6) 67(3)
706.6 175(10) 176.7(18) 176.4(20) 176.2(22) 176.6(10) 174(7)
7442 - 49.2(5) 523(8) 49.5(16) 50.00(27) 48.0(25)
763.9 237(2) 236.0(24) 243.7(30) 237.4(31) 235.5(9) 243(12)
818.0 - 77.3(8) 80.5(22) 77.4(17) 77.6(4) 79(4)
884.6 775(5) 769(8) 811(10) 780(10) 767.6(26) 800(40)
937.4 366(3) 362.2(36) 380(4) 369(4) 363.1(12)° 374(18)
1384.2 261(2) 257.0(26) 277.9(30) 271(5) 256.6(8)" 278(14)
1475.7 - 42.1(4) 44.8(6) 44.9(12) 42.22(17)° 45(2)
1505.0 139(1) 138.4(14) 145.2(16) 147.0(29) 137.8(5)° 151(7)
1562.2 - 12.50(13)"® 132(2) 14.0(8) 10.87(7) 13.0(7)
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GAMMA RAYS: MEASURED AND
EVALUATED RELATIVE EMISSION
PROBABILITIES (cont.)

E, (keV) [8] [9] Evaluated
446.8 389(6)  38.22(12)° 38.7(5)
620.3 29.4(5) 28.00(15)° 28.8(8)
657.7 1000 1000 1000
677.6 112(2) 112.6(11) 111.9(5)
687.0 68.5(5) 69.2(21) 68.3(3)
706.6 172.8(5)° 176.9(26) 174.6(7)
7442 49.3(8) 50.2(14) 49.9(3)
763.9 236(3) 239.1(53) 236.4(7)
818.0 77.1(5) 78.8(18) 77.7(4)
884.6 771(10) 706.6(12)° 784(12)
937.4 363(6) 376(8) 365.7(26)
1384.2 261(5) 276.6(26) 262(5)
1475.7 42.4(8) 45.7(13) 42.7(5)
1505.0 140.1(19) 149.2(28) 139.4(16)
1562.2 12.6(6) 13.5(4) 12.8(3)

a

b

Rejected as an outlier.
Published uncertainty is listed; this value was increased

in the analysis in order to reduce the relative weighting
factor to 0.50.
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REFERENCES — RADIATIONS

HELMER, R.G., VAN DER LEUN, C., Nucl
Instrum. Methods Phys. Res. A450 (2000) 35.
DEBERTIN, K., SCHOTZIG, U, WALZ, K.F,
WEISS, HM., X- and Gamma-ray Sources and
Applications (Proc. ERDA Symp. Ann Arbor, MI,
1976), ERDA (1976) 59.

GEHRKE, RJ, HELMER, R.G, GREEN-
WOOD, R.C., Nucl. Instrum. Methods 147 (1977)
405.

VERMA, H.R., SHARMA, AK. KAUR, R,
SURI, K.K., TREHAN, PN, J. Phys. Soc. Jpn. 47
(1979) 16.

RONEY, WM., Jr., SEALE, W.A., Nucl. Instrum.
Methods 171 (1980) 389.

YOSHIZAWA, Y., et al., Nucl. Instrum. Methods
174 (1980) 109.

MALLET, G., J. Phys. Soc. Jpn. 50 (1981) 384.
MEYER, R.A., Fizika, Zagreb 22 (1990) 153.
KIANG, L.L,, et al.,, J. Phys. Soc. Jpn. 62 (1993) 888.
DeFRENNE, D., JACOBS, E., Nucl. Data Sheets
89 (2000) 481.

Detailed tables and comments can be found on

http://www.nucleide.org/DDEP_WG/DDEPdata.htm

109Cd

Half-life evaluated by M.J. Woods (National

Physical Laboratory, UK), September 2003.

Decay scheme evaluated by E. Schonfeld
(Physikalisch-Technische Bundesanstalt, Germany),

November 1996.
Recommended data
Half-life

T, =461.4 (12) d

SELECTED GAMMA RAY

E, (keV) P, per decay
88.0336(11) 0.03626(20)
SELECTED X RAYS

Origin Ey (keV) Py per decay
Ag L 2.63-3.75 0.1034(26)
Ag Ko, 21.9906(2) 0.2899(25)
Ag Ko, 22.1632(1) 0.547(4)
Ag KB,  24.912-25.146 0.1514(18)
Ag KB, 25.457-25.512 0.0263(10)
Input data

HALF-LIFE

Half-life (d) Reference
459.6(17) [H1]
460.2(2) [H2]
463.26(63) [H3]
463.1(3) [H4]
461.90(30) [H5]
459(6) [H6]
450(5)* [H7]
461.4(12)

a

Rejected as an outlier.



[H1]

[H2]

[H3]

REFERENCES — HALF-LIFE

SCHRADER, H., Appl. Radiat. Tsot. 60 (2004)
317.
MARTIN, R.H., BURNS, K.I.LW., TAYLOR, J.G.V,,
Nucl. Instrum. Methods Phys. Res. A390 (1997)
267.
UNTERWEGER, M.P, HOPPES, D.D., SCHIMA,
F.J., Nucl. Instrum. Methods Phys. Res. A312 (1992)
349.

LAGOUTINE, F, LEGRAND, J., Int. J. Appl
Radiat. Isot. 33 (1982) 711.

VANINBROUKX, R., GROSSE, G., ZEHNER,
W., Int. J. Appl. Radiat. Isot. 32 (1981) 589.

EAST, L.V, MURPHY, HM,, Jr., LEWIS, E.R.,
Nucl. Phys. A107 (1968) 382.

REYNOLDS, S.A., EMERY, JLE, WYATT, E.I,
Nucl. Sci. Eng. 32 (1968) 46.

GAMMA RAY: MEASURED AND EVALUATED ABSOLUTE EMISSION PROBABILITY

E, (keV) [1] (2] (3] [5]° [6]* (71

88.0 0.0365(4) 0.03594(19) 0.0367(7) 0.0365(3) 0.0370(6) 0.03600(10)
E, (keV) [1] [8]* [9] (11] [12] (13]

83.0 0.0357(10) 0.0365(8) 0.03675(18) 0.0366(5) 0.0368(7) 0.0365(5)
E, (keV) [1] [14]° [15]° [171° [18]° Evaluated [19]
88.0 0.0389(7) 0.0397(21) 0.0329(25) 0.0379(7) 0.0365(5) 0.03626(26)

a

b

average calculated according to the limitation of

Evaluated emission probability is the weighted

relative statistical weights method; no value has a
relative weighting factor greater than 0.50.
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Detailed tables and comments can be found in
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lllln

Half-life evaluated by M.J. Woods (National
Physical Laboratory, UK), September 2003.

Decay scheme evaluated by V.P. Chechev
(V.G. Khlopin Radium Institute, Russian Feder-
ation), September 1998.

Recommended data
Half-life
T,, =2.8049(6) d

SELECTED GAMMA RAYS

E, (keV) P, per decay
171.28(3) 0.9066(25)
245.35(4) 0.9409(6)
SELECTED X RAYS

Origin Ey (keV) Py per decay
Cd L 2.76-3.95 0.068(2)
Cd Ka, 229843 0.236(2)
Cd Ko, 231738 0.444(3)
Cd KB, 26.061-26.304 0.124(4)
Cd KB, 26.64-26.70 0.023(1)
Input data

HALF-LIFE

Half-life (d) Reference
2.8063(7) [H1]
2.80477(53) [H2]
2.8048(1)* [H3]
2.8071(15) [H4]
2.802(1) [H5]
2.83(1)° [H6]
2.84(11)° [H7]
2.96(8)° [HS]
2.8049(6)

® Uncertainty increased to (3.8) to ensure a weighting

factor not greater than 0.50.

> Rejected as an outlier.
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REFERENCES — HALF-LIFE

[H1] SCHRADER, H., Appl. Radiat. Isot. 60 (2004)
317.

[H2] UNTERWEGER, M.P, HOPPES, D.D., SCHIMA,
F.J., Nucl. Instrum. Methods Phys. Res. A312 (1992)
349.

[H3] RUTLEDGE, A.R., SMITH, L.V., MERRITT, J.S,,
Appl. Radiat. Isot. 37 (1986) 1029.

[H4] HOUTERMANS, H., MILOSEVIC, 0.,
REICHEL, F, Int. J. Appl. Radiat. Isot. 31 (1980)
153.

[HS] LAGOUTINE, F, LEGRAND, J,, BAC, C., Int. J.
Appl. Radiat. Isot. 29 (1978) 269

[H6] EMERY, JF, REYNOLDS, S.A., WYATT, E.L,
GLEASON, G.I, Nucl. Sci. Eng. 48 (1972) 319.

[H7] LISKIEN, H., Nucl. Phys. A118 (1968) 379

[H8] SMEND, F., WEIRAUCH, W., SCHMIDT-OTT,
W.D., Z. Phys. 214 (1968) 437.

Gamma rays: Energies and emission probabilities

Energies of y rays have been taken from
Ref. [1].

Absolute y ray emission probabilities have
been computed from the decay scheme using the
evaluated total internal conversion coefficients
o (171 keV) =0.103(3) and a(245 ke V) = 0.0628(7)
[2-4].

XK, XL rays: Total absolute emission probabilities

The total absolute XK ray emission
probability has been calculated using the adopted
value of wg = 0.842(4) [5] and the evaluated total
absolute intensities of K conversion electrons and
K electron capture [2-4]. Total absolute XL ray
emission probability has been computed using the
evaluated ""'In decay data [2-4] and the fluores-
cence yields oy = 0.842(4), o, = 0.0632(16) and ny;
=0.953(4) from Ref. [5].

REFERENCES — RADIATIONS

[1] SHEVELEV, G.A., TROYTSKAYA, A.T,
KARTASHOV, VM., Izv. Akad. Nauk SSSR, Ser.
Fiz. 39 (1975) 2038.

[2] BE, M.-M., et al., Table de Radionucléides, CEA
Saclay, Gif-sur-Yvette (1999); BE, M.-M..et al.,
Table de Radionucléides, Comments on Evalua-
tions, CEA Saclay, Gif-sur-Yvette (1999).

[3] CHECHEYV, V.P, KUZMENKO, N.K., Izmeritel-
naya Tekhnika 2 (2000) 49 (in Russian).



[4] CHECHEYV, VP, KUZMENKO, NXK., Nuclear

Shells — 50 Years (Proc. Int. Conf. Nucl. Phys.) SELECTED X RAYS

(YU, TS., OGANESSIAN, R., Eds), World Scien- —

tific, Singapore (2000) 534. Origin Ex (keV) Py per decay
[S] SCHONFELD, E., JANSSEN, H., Nucl. Instrum. In L 2.90-4.23 0.086(3)

Methods Phys. Res. A369 (1996) 527.

In Ka, 24.0020 0.2785(22)
. , In Ko, 242097 0.522(4)

Detailed tables and comments can be found in
Refs [3, 4], and on In KB,  27.238-27.499 0.1460(12)
http://www.nucleide.org/DDEP_WG/DDEPdata.htm In KB,'  27.861-27.940 0.0284(2)

113511
Input data

Half-life evaluated by M.J. Woods (National
Physical Laboratory, UK), September 2003. HALF-LIFE

Decay scheme evaluated by R.G. Helmer Half-life (d) Reference
(Idaho National Laboratory, USA), May 1999.

115.079(80) [H1]
Recommended data 115.12(13) [H2]

_ 115.09(4)* [H3]
Half-life 115.2(8) [H4]
T,, = 115.09(4) d 115.07(10) [H5]

115.09(4)

a

Uncertainty increased to (6) to ensure a weighting

SELECTED GAMMA RAYS factor not greater than 0.50.

E, (keV) P, per decay
255.134(10)* 0.0211(8)° REFERENCES — HALF-LIFE
391.698(3)° 0.6494(17)¢
[H1] UNTERWEGER, M.P, HOPPES, D.D., SCHIMA,
* Energy from Ref. [1], but scaled by the ratio E,(391 F.J., Nucl. Instrum. Methods Phys. Res. A312 (1992)
keV) from Ref. [2] to E (391 ke V) from Ref. [1]. 349.
b gr;)]m relative emission probability evaluated below [1, [H2] RUTLEDGE, A.R., SMITH, L.V., MERRITT, J.S.,

Rep. AECL-6692 (1980).

From Ref. [2]. [H3] HOUTERMANS, H., MILOSEVIC, O,

¢ Ground state feeding is P,(391 keV) x [1.0 + a(391

=0.00149(6) from Ref. [3], i.e. negligible. Therefore, 153.
P, (391 ke V) follows from (391 keV) = 0.540(4) [6]. [H4] EMERY, JE, REYNOLDS, S.A., WYATT, E.L,

GLEASON, G.L, Nucl. Sci. Eng. 48 (1972) 319.

[H5] LAGOUTINE, F, LEGRAND, J., PERROT, C.,
BRETHON, J.P, MOREL, I, Int. J. Appl. Radiat.
Isot. 23 (1972) 219.

GAMMA RAYS: MEASURED AND EVALUATED RELATIVE EMISSION PROBABILITIES

E, (keV) [1] [3] [4] [5] Evaluated
255 3.33(13) 2.85(9) 3.37(5) 3.27(8) 3.25(12)
392 =100 100 100 100 100
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Detailed tables and comments can be found on
http://www.nucleide.org/DDEP_WG/DDEPdata.htm
IZSSb

Half-life evaluated by M.J. Woods (National
Physical Laboratory, UK), September 2003.

Decay scheme evaluated by R.G. Helmer
(Idaho National Laboratory, USA) and E. Browne
(Lawrence Berkeley National Laboratory, USA),
May 2004.

Recommended data

Half-life

Ty, = 1007.48(21) d

SELECTED GAMMA RAYS

SELECTED X RAYS

E, (keV) P, per decay
176.314(2)* 0.0682(7)
380.452(8)" 0.01520(15)
427.874(4)" 0.2955(24)
463.365(4)* 0.1048(9)
600.597(2)* 0.1776(18)
606.713(3)" 0.0502(5)
635.950(3)* 0.1132(10)
671.441(6)" 0.01783(16)

* From Ref. [1].
® From Ref. [2].
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Origin Ey (keV) Py per decay
Te Ko, 27.2020(2) 0.191(7)
Te Ko, 27.4726(2) 0.357(12)
Te KB, 30.945-31.236 0.102(4)
Te KB, 31.701-31.774 0.0221(10)
Input data

HALF-LIFE

Half-life (d) Reference
1007.56(10)* [H1]
1008.1(8) [H2]
1007.3(3) [H3]
1007.48(21)

® Uncertainty increased to (29) to ensure a weighting

factor not greater than 0.50.
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F.J., Nucl. Instrum. Methods Phys. Res. A312 (1992)
349.

[H2] WALZ, K.F, DEBERTIN, K., SCHRADER, H.,
Int. J. Appl. Radiat. Isot. 34 (1983) 1191.

[H3] HOUTERMANS, H., MILOSEVIC, 0.,
REICHEL, F, Int. J. Appl. Radiat. Isot. 31 (1980)
153.



GAMMA RAYS: MEASURED AND EVALUATED RELATIVE EMISSION PROBABILITIES

E, (keV) (3 [41° (5] (6] [7] 8]°
176.3 20.5 — 21.2(11) 24.9(20) 23.9(8) 23.2(13)
380.4 5 5(1) 5.0(4) 5.27(40) 5.22(17) 5.43(32)
4279 100 100 100 100 100 100
463.4 355 33(4) 35.3(20) 35.4(28) 35.3(13) 35.2(23)
600.6 61 — 61.2(34) 61.5(49) 59.6(18) 53.6(32)
606.7 17 — 17.1(12) 16.4(12) 16.9(6) 19.0(11)
635.9 37 42(2) 37.0(22) 37.31(30) 38.2(12) 35.6(23)
671.4 6 6.5(5) 5.6(5) 6.0(5) 6.09(20) 6.24(38)
E, (keV) [9] [10] [11] [12] [13] [14]
176.3 23.06(7)¢ 22.9(7) 23.9(7) 22.9(6) 25.45(60) 24.5(8)
380.4 5.16(3) 5.15(20) 5.10(5) 5.18(20) 5.26(10) 6.02(25)°
4279 100.0(3) 100 100.0(10) 100 100 100
463.4 35.50(7) 35.2(10) 35.26(37) 35.1(8) 35.45(84) 35.50(7)
600.6 60.39(10) 60.1(18) 60.6(6) 60.4(11) 59.3(12) 60.50(10)
606.7 17.052(34) 16.8(5) 17.12(17) 16.6(5) 16.25(62) 17.2(3)
635.9 38.45(7) 38.4(11) 38.6(4) 38.7(8) 37.7(10) 39.1(2)
671.4 6.11(14) 6.02(24) 6.18(6) 6.04(16) 6.92(14)° 5.9(3)
E, (keV) [15] [16] [2] [17] [18]

176.3 22.62(21) 22.91(41) 22.96(24) 23.65(34) 23.09(20)

380.4 5.06(4) 5.12(15) 5.14(5) 5.09(3) 5.17(4)

4279 100.0(7) 100 100.0(8) 100 100

463.4 35.23(14) 35.4(9) 35.07(28) 35.64(10) 35.12(18)

600.6 59.54(22) 60.95(67) 59.09(45) 59.70(10) 59.22(18)

606.7 16.94(7) 16.97(26) 16.70(14) 16.98(21) 16.92(6)

635.9 37.87(14) 37.47(27) 37.52(30) 38.78(32) 38.32(12)

671.4 6.039(24) 5.65(12) 6.05(6) 5.97(11) 6.03(2)

E, (keV) Reduced y? Evaluated Absolute P,

176.3 2.6 23.09(15) 0.0682(7)

380.4 1.2 5.145(13) 0.01520(15)

4279 — 100 0.2955(24)

463.4 1.0 35.47(4) 0.1048(9)

600.6 6.0 60.1(4) 0.1776(18)

606.7 1.0 16.997(27) 0.0502(5)

635.9 4.7 38.31(14) 0.1132(10)

671.4 1.5 6.036(17) 0.01783(16)

#  All values from this reference omitted from analysis because they do not have uncertainties assigned.

®  All values from this reference omitted from analysis because 5 out of 8 were outliers in initial averaging.

¢ All values from this reference omitted from analysis because 9 out of 19 were outliers in initial averaging.

4 Uncertainty increased from 0.07 to 0.20 by the evaluator.

: Rejected as an outlier.

Typographical error in original reference.
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Comments:

The 109.3 keV 7y ray depopulates the isomeric
level at 144.8 keV (1*™Te half-life of 57.4 d), so the
intensity of this emission depends on any chemical
separation and in-growth time. The nuclear level at
35.5 keV is primarily fed from higher levels, but
27% of the 35.5 keV y ray intensity arises via the
isomeric level when at equilibrium. Therefore, for a
chemically separated source, approximately
8 months in-growth is required for equilibrium to be
established with the other y rays to within the 1%
level.

The NF for the relative y ray emission proba-
bilities was calculated to be 0.2955(24) by assuming
no direct B~ decay to the ground state (1/2+) and
35.5 keV level (3/2+) from '2Sb (7/2+), and setting
the total y ray feeding of these ground and first
excited states to 100%. The relative emission
probability of the 35.5 keV v ray is poorly defined,

and a summation encompassing these two levels
avoids the need to use any such datum. However,
the relative emission probability of the 109.3 keV
yray needs to be adjusted to an equilibrium value
based on the relative half-lives of '*>Sb and *™Te
(taken to be 1007.48(21) d (see above) and
57.40(15) d [19], respectively).

Gamma ray multipolarities and mixing ratios
have been adopted from Ref. [19], and internal
conversion coefficients have been derived from
Ref. [20]. Although the total theoretical conversion
coefficient of the 109.3 keV M4 vy ray is 363.7, this
value has been reduced by 2.5% to 354.6 as
recommended by Ref. [21].

The sum of all y ray transition intensities
(photons + conversion electrons) per decay to the
ground and 35 keV nuclear levels is given by the
following equation:

[1,(635.9 keV)(1+ a(635.9 keV)) + 1 (671.4 keV)(1+ a(671.4 keV))

+1,(606.7 keV)(1+ a(606.7 ke V)) + 1,(600.6 ke V)(1+ c(600.6 ke V)

+1,(427.9 keV)(1+ a(427.9 keV)) + 1,(463.4 keV)(1+ a(463.4 ke V))

+1,(408.1 keV)(1+ 0u(408.1 keV)) + 1,(443.5 keV)(1+ (443.5 ke V)

+{1,(109.3 keV)(1+ (1093 keV)) x [t,,(*Sb) — t,,('>"Te)]/t, ,('3Sb)]}] x NF = 1.0

[38.31(1.00526) + 6.036(1.00373) + 16.997(1.00485) + 60.1(1.00498) + 100(1.0138) + 35.47(1.0102)
+0.617(1.0152) +1.033(1.0118)+ {0.231 x 355.6 x 0.943}] x NF = 338.39 x NF = 1.0

NF = 1/338.39 = 0.002955(24)

Recommended relative intensities for the 109.3,
408.1 and 443.5 keV gamma rays were determined
during the course of this evaluation, and the full data
set can be found on
http://www.nucleide.org/DDEP_WG/DDEPdata.htm

The resulting NF has been used to determine
the absolute y ray emission probabilities listed
above. With this NF, the total (y + e) emission
probability of the 427.9 keV transition is
determined to be 0.2996(24) per decay.

X rays: Energies and emission probabilities

X ray energies are taken from Schonfeld and
Rodloff [22]. Emission probabilities are the
evaluators’ values calculated using the EMISSION
program, Version 3.04 [23], with atomic data from
Ref. [24], and the recommended y ray emission
probabilities shown above.
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123mTe

Half-life evaluated by M.J. Woods (National
Physical Laboratory, UK), September 2003.
Decay scheme evaluated by M.-M. Bé and

V. Chisté (Commissariat a2 I’Energie Atomique,
France), October 2002.

Recommended data
Half-life

Ty, = 119.45(25) d

SELECTED GAMMA RAY

E, (keV) P, per decay
158.97(5) 0.8399(8)
SELECTED X RAYS

Origin Ey (keV) Py per decay
Te L 3.34-4.93 0.0826(21)
Te Ko, 27.2020 0.140(5)
Te Ko, 27.4726 0.260(9)
Te KB, 30.945-31.241 0.0743(26)
Te KB,  31.701-31.812 0.0161(7)

Emission intensities of KX rays were
calculated from the data set described on
http://www.nucleide.org/DDEP_WG/DDEPdata.htm

Input data

HALF-LIFE

Half-life (d) Reference
119.2(1) [H1]
119.7(1) [H2]

119.45(25)

REFERENCES — HALF-LIFE

[H1] COURSEY, B.M., GOLAS, D.B, GRAY, D.H,,
HOPPES, D.D., SCHIMA, FEJ., Nucl. Instrum.
Methods Phys. Res. A312 (1992) 121.

[H2] EMERY, JLE, REYNOLDS, S.A., WYATT, E.L,
GLEASON, G.I., Nucl. Sci. Eng. 48 (1972) 319.

GAMMA RAY: MEASURED ABSOLUTE EMISSION PROBABILITY

E, (keV) [1] 2] (3]

(5] 61 [61°

158.97(5) 0.8365(50) 0.8348(38)

0.832(5) 0.839(6)

0.8381(32) 0.8407(9)

a

Two values are given in Ref. [6].
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Comments:

Recommended emission probability is the
weighted average. More details can be found on:
http://www.nucleide.org/DDEP_WG/DDEPdata.htm

Internal conversion coefficients are:

o = 0.1648(49); o, = 0.0216(6); a; = 0.1918(19)
deduced from the tables of Rosel et al. [7] with the
adopted multipolarity M1 + 1.22%E2.

REFERENCES — RADIATIONS

[1] WALTERS, W.B., MEYER, R.A,, Phys. Rev. C14
(1976) 1925.

[2] CHU, Y.Y., PERLMAN, M.L., Phys. Rev. 135
(1964) 319; CHU, Y.Y., KRISTNER, O.C, A.C. Lij,
MONARO, S., PERLMAN, M.L., Phys. Rev. 133
(1964) 1361.

[3] HATCH, E.N,, EAKINS, G.W., NELSON, G.C,
McADAMS, R.E., Internal Conversion Processes
(Proc. Int. Conf. Nashville, TN, 1965),
(HAMILTON, J.H., Ed.) (1966) 183.

[4] SCHOTZIG, U., SCHRADER, H., DEBERTIN,
K., Nuclear Data for Science and Technology (Proc.
Int. Conf. Jilich, 1991) (QAIM, SM., Ed.),
Springer, Berlin (1992) 562.

[S] COURSEY, BM., GOLAS, D.B., GRAY, D.H,
HOPPES, D.D., SCHIMA, FJ., Nucl. Instrum.
Methods Phys. Res. A312 (1992) 121.

[6] JANSSEN, H., SCHONFELD, E., KLEIN, R,
Appl. Radiat. Isot. 43 (1992) 1309.

[7] ROSEL, F, FRIES, HM., ALDER, K., PAULI,
H.C., At. Data Nucl. Data Tables 21 (1978) 92.

Detailed tables and comments can be found on
http://www.nucleide.org/DDEP_WG/DDEPdata.htm

1231

Half-life evaluated by M.J. Woods (National
Physical Laboratory, UK), September 2003.
Decay scheme evaluated by M.-M. Bé and

V. Chisté (Commissariat a I’Energie Atomique,
France), December 2001.

Recommended data
Half-life

T, = 0.55098(9) d

SELECTED GAMMA RAYS

E, (keV) P, per decay
158.97(5) 0.8325(21)
528.96(5) 0.0132(8)
SELECTED X RAYS

Origin Ey (keV) Py per decay
Te L 3.34-4.93 0.0772(16)
Te Ka, 27.2020 0.2469(20)
Te Ko, 27.4726 0.4598(29)
Te KB, 30.945-31.241 0.1316(17)
Te KB, 31.701-31.812 0.0386(8)

Emission intensities of K X rays were
calculated from the data set described on
http://www.nucleide.org/DDEP_WG/DDEPdata.htm

Input data

HALF-LIFE

Half-life (d) Reference
0.55135(27) [H1]
0.55095(12) [H2]
0.550979(79)" [H3]
0.5504(4) [H4]
0.5625(46)° [H5]
0.558(21)° [H6]
0.55098(9)

® Uncertainty increased to (106) to ensure a weighting

factor not greater than 0.50.

® Rejected as an outlier.

REFERENCES — HALF-LIFE

[H1] SCHRADER, H., Appl. Radiat. Isot. 60 (2004)
317.
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[H2] DA SILVA, M.AL, DE ALMEIDA, M.CM.,
DA SILVA, C.J, DELGADO, J.U., Appl. Radiat.
Isot. 60 (2004) 301.



[H3] UNTERWEGER, M.P, HOPPES, D.D., SCHIMA,
FJ., Nucl. Instrum. Methods Phys. Res. A312 (1992)
349.

[H4] LAGOUTINE, F., LEGRAND, J., Int. J. Appl.
Radiat. Isot. 33 (1982) 711.

[HS5] KARIM, H.M.A., Radiochim. Acta 19 (1973) 1.
[H6] JONSSEN, G.G., FORKMAN, B., Nucl. Phys. A107
(1968) 52.

GAMMA RAYS: MEASURED AND EVALUATED RELATIVE EMISSION PROBABILITIES

E, (keV) [1] 2] [4] [5]
158.97(5) =100 100 100
528.96(5) 2.0(3) 1.27(11)? 1.26(24) 1.40(5)
E, (keV) [1] [1] [7] Evaluated
158.97(5) 100 100 100
528.96(5) 1.670(5) 1.41(6)° 1.58(10)

Value rejected.

® Initial uncertainty increased by a factor of 2.

Comments:

Evaluated relative emission probability of the
528 keV y ray is the weighted mean.

Absolute  emission  probabilities  were
calculated from XP,, . = 1.00 to the ground state to
give NF of 0.008325(21).

The internal conversion coefficients of the
158.97 keV y ray are:

ok = 0.1648(49); o = 0.0216(6); o = 0.1918(19)
deduced from the tables of Rosel et al. [8] with the
adopted multipolarity M1 + 1.22%E2 (see also
http://www.nucleide.org/DDEP_WG/DDEPdata.htm)
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(1968) 611.
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Jr., Nucl. Phys. A146 (1970) 182.
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171.
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Detailed tables and comments can be found on
http://www.nucleide.org/DDEP_WG/DDEPdata.htm

1251

Half-life evaluated by M.J. Woods (National
Physical Laboratory, UK), September 2003.

Decay scheme evaluated by E. Schonfeld
(Physikalisch-Technische Bundesanstalt, Germany),
April 1997.

Recommended data
Half-life
T,,=59.402(14) d

SELECTED GAMMA RAY

E, (keV)[1] P, per decay

35.4919(5) 0.0667(17)

Absolute emission probability of the 35.5 keV
yray: 0.0655(13) [2], 0.0668(13) [3], and a recommended
value in Ref. [4]. However, P,(35.5 keV) was calculated
from the adopted values of oy and o, by P, =1 - o,
where o, = a,/(1 + o) with a, = 14.0(3) [5].
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SELECTED X RAYS

Origin Ey (keV) Py per decay
Te L 3.34-4.93 0.149(7)
Te Ka, 27.2020(2) 0.397(6)
Te Ko, 27.4726(2) 0.740(11)
Te KB, 30.945-31.241 0.212(4)
Te KB, 31.701-31.812 0.0459(14)
Input data

HALF-LIFE

Half-life (d) Reference
59.49(13) [H1]
59.37(6) [H2]
59.38(3) [H3]
59.68(28) [H4]
59.416(10)* [H5]
59.39(2) [H6]
59.40(5) [H7]
59.56(17) [HS]
59.156(20)° [H9]
60.18(17)° [H10]
59.89(6)" [H11]
59.402(14)

a

Uncertainty increased to (16) to ensure a weighting
factor not greater than 0.50.

® Rejected as an outlier.

REFERENCES — HALF-LIFE

[H1] UNTERWEGER, M.P,, HOPPES, D.D., SCHIMA,
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349.
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SEPMAN, S.V., ZANEVSKY, A.V,, Nuclear Spec-
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Conf. Leningrad, 1990 (1990) 78.

[HS]WOODS, M.J., LUCAS, SE.M., Nucl. Instrum.
Methods Phys. Res. A286 (1990) 517.

[H6] SCHRADER, H., Appl. Radiat. Isot. 40 (1989)
381.

[H7] SIMPSON, B.R.S., MEYER, B.R., Appl. Radiat.
Isot. 40 (1989) 819.

[H8] KUBO, H., Med. Phys. 10 (1983) 889.
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Springer, Berlin (1992) 562.

[3] IWAHARA, A., MARECHAL, MH.H. DA
SILVA, C.J., POLEDNA, R., Nucl. Instrum. Meth.
Phys. Res. A286 (1990) 370.

[4] INTERNATIONAL ATOMIC ENERGY
AGENCY, X-ray and Gamma-Ray Standards for
Detector Calibration, IAEA-TECDOC-619,
IAEA, Vienna (1991).

[5] BE, M.-M., et al., Table de Radionucléides,
Comments on Evaluations, CEA Saclay, Gif-sur-
Yvette (1999).

[6] BE, M.-M., et al., Table de Radionucléides, CEA
Saclay, Gif-sur-Yvette (1999).

Detailed tables and comments can be found in
Refs [5, 6] and on
http://www.nucleide.org/DDEP_WG/DDEPdata.htm

1291

Half-life evaluated by M.J. Woods (National
Physical Laboratory, UK), September 2003.

Decay scheme evaluated by V.P. Chechev and
V.O. Sergeev (V.G. Khlopin Radium Institute,
Russian Federation), September 2001.
Recommended data

Half-life

Ty, = 5.89(23) x 10° d

SELECTED GAMMA RAY

E, (keV) P, per decay

39.578(4) 0.0742(8)




SELECTED X RAYS

Origin Ey (keV) Py per decay
Xe L 3.6-5.4 0.079(4)
Xe Ka, 29.459(2) 0.201(3)
Xe Ko, 29.779(1) 0.372(6)
Xe KB, 33.56-33.88 0.103(4)
Xe KB, 34.41-34.55 0.0230(13)
Input data

HALF-LIFE

Half-life (d) Reference
7.20(51) x 10° [H1]
5.73(15) x 10°¢ [H2]
5.70(22) x 10° [H3]
6.28(33) x 10° [H4]

5.89(23) x 10°

® Uncertainty increased to (18) to ensure a weighting

factor not greater than 0.50.

REFERENCES — HALF-LIFE

[H1] KUHRY, J.G., BONTEMS, G., Radiochem. Radio-
anal. Lett. 15 (1973) 29.

[H2] EMERY, JLE, REYNOLDS, S.A., WYATT, E.I,
GLEASON, G.I., Nucl. Sci. Eng. 48 (1972) 319.

[H3] RUSSELL, H.T., Rep. ORNL-2293 (1957).

[H4] KATCOFF, S., SCHAEFFER, O.A., HASTINGS,
JM., Phys. Rev. 82 (1951) 688.

Gamma ray: Energy and absolute emission
probability

The recommended energy for the 39.578 keV
y ray has been adopted from Ref. [1].

The absolute y ray emission probability has
been computed on the basis of the '*’I decay scheme
using a total absolute (y + ce) emission probability
of 0.995(5) and total internal conversion coefficient
op = 12.41(13) for a multipolarity of M1 + 0.07(3) % E2
[2]. The evaluator has adopted a value of 0.0005(5)
for the absolute emission probability of the second
unique forbidden f~ transition to the ground state of
129Xe, taking into account an experimental upper
limit of 1% [3].

REFERENCES — RADIATIONS

[1] BARCI-FUNEL, G, KOUASSI, M.C.,
ARDISSON, G., Nucl. Instrum. Methods Phys. Res.
241 (1985) 252.

[2] VENKATA RAMANIAH, K., SESHI REDDY, T,
VENKATA REDDY, K., Current Sci., India 43
(1974) 406.

[3] DER MATEOSIAN, E., WU, C.S.,, Phys. Rev. 95
(1954) 458.

Detailed tables and comments can be found on
http://www.nucleide.org/DDEP_WG/DDEPdata.htm

1311

Half-life evaluated by M.J. Woods (National
Physical Laboratory, UK), September 2003.

Decay scheme evaluated by M.-M. Bé and
V. Chisté (Commissariat 4 1'Energie Atomique,
France), December 2001.

Recommended data
Half-life
T,, =8.0228(24) d

SELECTED GAMMA RAYS

E, (keV) P, per decay
80.1850(19) 0.02607(27)
284.305(5) 0.0606(6)
364.489(5) 0.812(8)
636.989(4) 0.0726(8)
722.911(5) 0.01796(20)
SELECTED X RAYS

Origin Ey (keV) Py per decay
Xe Ko 29.70 0.044(14)
Xe KB 33.56-34.55 0.01025(11)

Emission intensities of KX rays were
calculated from the data set described on
http://www.nucleide.org/DDEP_WG/DDEPdata.htm
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Input data

HALF-LIFE

Half-life (d) Reference
8.0252(6)° [H1]
7.9994(9) [H2]
8.0197(22) [H3]
8.0213(9) [H4]
8.020(1) [H5]
8.031(4) [H6]
8.040(1)" [H7]
7.969(14)° [H8]
8.0228(24)

a

Uncertainty increased to (7) to ensure a weighting
factor not greater than 0.50.

® Rejected as an outlier.

[H4]

[H5]

[H6]

[H7]

[H8]

REFERENCES — HALF-LIFE

SCHRADER, H., Appl. Radiat. Isot. 60 (2004)
317.

DA SILVA, M.ALL, DE ALMEIDA, M.CM,,
C.DA SILVA, C.J., DELGADO, J.U,, Appl. Radiat.
Isot. 60 (2004) 301.

UNTERWEGER, M.P, HOPPES, D.D., SCHIMA,
F.J., Nucl. Instrum. Methods Phys. Res. A312 (1992)
349.

HOUTERMANS, H., MILOSEVIC, O,
REICHEL, F, Int. J. Appl. Radiat. Isot. 31 (1980)
153.

LAGOUTINE, F, LEGRAND, I, BAC, C, Int. J.
Appl. Radiat. Isot. 29 (1978) 269.

KARSTEN, JHM., MARAIS, PG., HAAS-
BROEK, FElJ., VISSER, C.J., Agrochemophysica 6
(1974) 25.

EMERY, JLF, REYNOLDS, S.A., WYATT, E.L,
GLEASON, G.I., Nucl. Sci. Eng. 48 (1972) 319.
ZOLLER, W.H., HOPKE, PK., FASCHING, J.L.,
MACIAS, E.S., WALTERS, W.B,, Phys. Rev. C3
(1971) 1699.

GAMMA RAYS: MEASURED AND EVALUATED RELATIVE EMISSION PROBABILITIES

E, (keV) [1] (2] (3] (4] [5] [6] (71
80.1850(19) 2.71(19) 2.6(4)* 3.5(8)" 3.1(2) 3.10(18) 2.72(15)?
284.305(5) 6.6(25)* 6.0(10)* 7.9(8)* 6.6(3)* 7.4(6) 7.05(40)*
364.489(5) =100 100 100 100 100 100
636.989(4) 11.6(19)* 9.0(10)* 8.8(7)* 8.3(3)* 9.1(11)* 8.0(4)*
722.911(5) 35(31)° 3.0(4)* 2.05(16)* 1.9(1)* 2.05(26) 2.10(15)®
E, (keV)[1] [8] [9] [10] [11] [1] Evaluated
80.1850(19) 3.4(4) 3.210(5) 3.226(37) 3.26(7) 3.23(6) 3.212(9)
284.305(5) 8.2(8)* 7.49(5) 7.457(12) 7.56(8) 7.46(15) 7.461(12)
364.489(5) 100 100 100 100 100 100
636.989(4) 8.2(8) 7.79(10)* 8.945(25) 8.75(9) 8.95(21) 8.940(23)
722.911(5) 1.8(2)* 1.79(9)* 2.221(12) 2.19(2) 2.22(7) 2.213(10)

* Rejected value

Comments:
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— Absolute emission probability of 0.01086(7)

[10] has been adopted for the 163.930 keV
isomeric transition from "“'™Xe (T,, =
11.930(16) d) to the ground state level of
31Xe. Internal conversion coefficients for this

M4 transition have been deduced from the
theoretical tables of Band et al. [12, 13] (i.e. ok
=30.8(9); ap = 49.6(14)).

— Mixing ratios of 364 and 722 keV y rays were

deduced by Krane [14] from experimental
values; ICC values have been calculated from
the theoretical tables of Rosel et al. [15].



— The NF was determined to be 0.00812(8) from

[13]
[14]

[15]

>P = 1.0 to the ground state and

y+ce

P (163.9 keV) = 0.0001086(7).
REFERENCES — RADIATIONS

MEYER, R.A., Fisika, Zagreb 22 (1990) 153.
BELL, RE., GRAHAM, R.L., Phys. Rev. 86
(1952) 212.

JUNGCLAUSSEN, H., SCHINTLMEITER, ]I,
SODAN, H., Nucl. Phys. 43 (1963) 650.
HARGROVE, CK., GEIGER, K.W., CHAT-
TERJEE, A., Nucl. Phys. 40 (1963) 566.

DANIEL, H., MEHLING, O., SCHMIDLIN, P,
SCHOTTE, E., THUMMERNICHT, E., Z. Phys.
179 (1964) 62.

MOSS, G.A., WELLS, D.O., McDANIELS, D.K.,,
Nucl. Phys. 82 (1966) 289.

GRAEFFE, G., WALTERS, W.B,, Phys. Rev. 153
(1967) 1321.

YTHIER, C., ARDISSON, G., C.R. Acad. Sci.,
Paris 264C (1967) 944.

SINGH, N, BHATI, SS, DHINGRA, RL,
TREHAN, PN,, Nuclear Physics — Solid State Physics
(Proc. Symp. Chandigarth, India, 1972) (1972) 435.
MEYER, R.A., MOMYER, F., WALTERS, W.B,,
Z. Phys. 268 (1974) 387.

CHAND, B, GOSWAMY, J, MEHTA, D,
SINGH, N.,, TRETHAN, PN., Nucl. Instrum.
Methods Phys. Res. A284 (1989) 393.
GOROZHANKIN, S, COURSOL, N,
YAKUSHEYV, E.A., VYLOV, Ts., BRIANCON, C,,
Appl. Radiat. Isot. 56 (2002) 189.

BAND, LM., TRZHASKOVSKAYA, M.B, At.
Data. Nucl. Data Tables 55 (1990) 43.

KRANE, K.S., At. Data Nucl. Data Tables 19
(1977) 363.

ROSEL, F, FRIES, HM., ALDER, K., PAULI,
H.C., At. Data Nucl. Data Tables 21 (1978) 292.

Detailed tables and comments can be found on

http://www.nucleide.org/DDEP_WG/DDEPdata.htm

134CS

Half-life evaluated by M.J. Woods (National
Physical Laboratory, UK), September 2003.

Decay scheme evaluated by PR. Pascholati,
V.R. Vanin (Universidade de Sao Paulo, Brazil) and
E. Browne (Lawrence Berkeley National Laboratory,
USA), September 2002; cut-off date: November 2001.

Recommended data
Half-life
T,,=753.5(10)d

SELECTED GAMMA RAYS

E, (keV) P, per decay
563.243(3) 0.0837(3)
569.327(3) 0.1538(4)
604.720(3) 0.97650(18)
795.83(3) 0.855(3)
801.945(4) 0.0870(3)
1365.186(4) 0.03017(12)
Input data

HALF-LIFE

Half-life (d) Reference
754.5(2) [H1]
753.88(15) [H2]
754.50(7)* [H3]
745(11)° [H4]
753.1(6) [H5]
751.7(15) [H6]
753.5(10)

® Uncertainty increased to (12) to ensure a weighting

factor not greater than 0.50.
b Rejected as an outlier.

REFERENCES — HALF-LIFE

[H1] MARTIN, R.H., BURNS, K.I.LW., TAYLOR, J.G.V.,,

Nucl. Instrum. Methods Phys. Res. A390 (1997)
267.

[H2] UNTERWEGER, M.P, HOPPES, D.D., SCHIMA,

FJ., Nucl. Instrum. Methods Phys. Res. A312 (1992)
349.

[H3] HOUTERMANS, H., MILOSEVIC, O,
REICHEL, F, Int. J. Appl. Radiat. Isot. 31 (1980)
153.

[H4] BULOVIC, V., SIMIC, I, J. Radioanal. Chem. 44
(1978) 241.
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[H5] DIETZ, L.A., PACHUCKI, CF, J. Inorg. Nucl.
Chem. 35 (1973) 1769.

[H6] LAGOUTINE, F,, LEGRAND, J.,, PERROT, C,

BRETHON, J.P, MOREL, J,, Int. J. Appl. Radiat.
Isot. 23 (1972) 219.

GAMMA RAYS: MEASURED AND EVALUATED RELATIVE EMISSION PROBABILITIES

E, (keV) [1] 2] (3]

4]

[5] (6] (7]

563.243(3) 8.0(12) 8.5(8) 8.96(84) 8.7(10) 8.60(46) 8.86(45)
569.327(3) 12.0(15) 14.6(14) 15.81(110) 15.0(16) 13.30(70) 16.0(10)
604.720(3) 100 100(5) 98.04 98.0 97.50(300) 98.1(60)
795.83(4) — 90(9) 87.79(660) 88.4(91) 87.00(447) 86.0(43)
801.945(4) - 9.0(15) 8.94(80) 9.2(10) 7.90(42) 8.70(44)
1167.961(4) — 1.99(17) 1.96(22) 1.9(2) 2.01(14) 1.86(10)
1365.186(4) _ 3.46(30) 3.25(32) 33(3) 3.47(19) 3.23(17)
E, (keV) [1] 8] [9] [10] [11] [12] Evaluated [13]
563.243(3) 8.38(5) — 8.57(3) 8.36(3) 8.54(7) 8.567(22)
569.327(3) 15.43(11) — 15.78(6) 15.39(5) 15.75(3) 15.753(25)
604.720(3) 97.56(32) 97.6(5) 100.0(4) 97.65(20) 100.0(7) 100.00(22)
795.83(4) 85.44(38) 84.0(3) 87.5(3) 85.4(2) — 87.54(22)
801.945(4) 8.73(4) — 8.89(3) 8.69(3) — 8.914(23)
1167.961(4) 1.805(26) — 1.827(8) 1.790(6) — 1.833(7)
1365.186(4) 3.04(4) — 3.074(13) 3.014(10) — 3.090(10)

Evaluated emission probabilities are the REFERENCES — RADIATIONS
weighted averages calculated according to the
limitation of relative statistical weights method; no [1] PASCHOLATI, PR., VANIN, V.R., BROWNE, E.,
value has a relative weighting factor greater than 0.50. Table de Radionucléides, CEA Saclay, Gif-sur-

Yvette (in press).
Comments: [2] HANKLA, AK. HAMILTON, JH., STOCK-
ENDAL, R.V., Arkiv Fys. 24 (1962) 429.

Absolute  emission  probabilities = were B3] ?;OWN’ R.A., EWAN, G.T., Nucl. Phys. 68 (1965)
calculated from ZPV+Ce(6O4.7.2 +1167.96 ke V) = 1.00, [4] RAESIDE, DE., REIDY, J.J, WIEDENBECK,
and NF. of 0.00?765(22) derlve'd from decay s.cheme M.L., Nucl. Phys. A98 (1967) 54.
constraints (with an uncertainty of +0.22 in the [S] ABDUL-MALEK, A., NAUMANN, R.A., Nucl.
relative P (604.72 keV) of 100.00). o Phys. A106 (1968) 225.

Although the 1167.96 keV vy ray emission [6] NAGPAL, TS., Can. J. Phys. 46 (1968) 2579.
probability was required in the calculation of the NF, [7] HOFMANN, S., WALTER, H.K., WEITSCH, A.,
this low intensity transition has deliberately not been Z. Phys. 230 (1970) 37.
included in the recommended set of selected yrays. [8] VAN HISE, JR., CAMP, D.C, MEYER, RA., Z.

However, the absolute P, (604.72 keV) of Phys. A274 (1975) 383.

0.97650(18) with such a small uncertainty was [9] TRAVERSE, A., BERTHE, P, Nucl. Instrum.
determined from consideration of the 7y ray and Methods 148 (1978) 317.
. .. el [10] YOSHIZAWA, Y., et al., Nucl. Instrum. Methods
conversion electron emission probabilities that
directly feed the ground state of **Ba: 174 (1980) 109.
y & : [11] WANG, G., ALBURGER, D.E., WARBURTON,
E.K., Nucl. Instrum. Methods Phys. Res. A260
P (604.72 keV) + P (604.72 keV) + P (1167.96 ke V) (1987) 413.
+ P (1167.96 keV) = 1.00, [12] CHAND, B, et al., Nucl. Instrum. Methods Phys.

leading to absolute P, (604.72 keV) = 0.97650(18).
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Res. A273 (1988) 310.



[13] PASCHOLATI, PR., VANIN, V.R.,, BROWNE, E.,
Table de Radionucléides, Comments on Evalua-
tions, CEA Saclay, Gif-sur-Yvette (in press).

Detailed tables and comments can be found in
Refs [1, 13] and on
http://www.nucleide.org/DDEP_WG/DDEPdata.htm

137Cs

Half-life evaluated by M.J. Woods (National
Physical Laboratory, UK), September 2003.

Decay scheme evaluated by R.G. Helmer
(Idaho National Laboratory, USA) and E.
Schonfeld (Physikalisch-Technische Bundesanstalt,
Germany), January 1999.

Recommended data
Half-life

Ty = 1.099 (4) x 10*d

SELECTED GAMMA RAY

E, (keV) P, per decay

661.657(3)" 0.8499(20)

* From Ref. [1].

® Emission probability is from the combination of two
methods of determination:
(1) Direct comparison of the y-emission rate and source
decay rate by [2-4]; P, is 0.852(5).
(2) P,(661 keV) = {1.0 — [P4(0) — P,(283 keV)]}/[1.0
+a(661 keV)] = 0.8495(22), where Py(0) = 0.0569(19)
from an evaluation of data from Refs [5-12], and
a(661 keV) = 0.1102(19) from analysis of values from
Refs [2, 3, 8, 10, 12], as listed in Ref. [13]. The adopted
average of these two results is 0.8499(20).

SELECTED X RAYS

Origin Ey (keV) Py per decay
Ba L 3.954-5.973 0.0090(5)
Ba Ka, 31.8174 0.0195(4)
Ba Ko, 32.1939 0.0359(7)
Ba KB, 36.31-36.67 0.01055(22)
Ba KB, 37.26-37.43 0.00266(8)

Input data

HALF-LIFE

Half-life (d) Reference
10970(20) [H1]
10940.8(69) [H2]
11015.0(200) [H3]
10967.8(45) [H4]
10941(7) [H5]
11009(11) [H6]
10906(33) [H7]
11118(19) [H8]
11021.1(41) [HY]
11023(37) [H10]
11191(157) [H11]

1.099(4) x 10°

REFERENCES — HALF-LIFE

[H1]SCHRADER, H., Appl. Radiat. Isot. 60 (2004)
317.

[H2] GOSTELY, 1., Appl. Radiat. Tsot. 43 (1992) 949.

[H3] UNTERWEGER, M.P, HOPPES, D.D., SCHIMA,
F.J., Nucl. Instrum. Methods Phys. Res. A312 (1992)
349.

[H4] MARTIN, R.H., BURNS, K.ILW., TAYLOR, J.G.V.,,
Nucl. Instrum. Methods Phys. Res. A390 (1997)
267.

[HS] KOCHIN, A.E., SCHMIDT-ORR, H., BEHRENS,
H., Z. Phys. A337 (1990) 169.

[H6) HOUTERMANS, H., MILOSEVIC, 0.,
REICHEL, F, Int. J. Appl. Radiat. Isot. 31 (1980)
153.

[H7] GRIES, WH., STEYN, J., Nucl. Instrum. Methods
152 (1978) 459.

[H8] CORBETT, J.A., Nucl. Eng. Int. 18 (1973) 715.

[H9]DIETZ, L.A., PACHUCKI, C.F., J. Inorg. Nucl
Chem. 35 (1973) 1769.

[H10] EMERY, JF, REYNOLDS, S.A., WYATT, E.L,
GLEASON, G.I, Nucl. Sci. Eng. 48 (1972) 319.
[H11] HARBOTTLE, G., Radiochim. Acta 13 (1970) 132.

REFERENCES — RADIATIONS

[1] HELMER, R.G., VAN DER LEUN, C., Nucl
Instrum. Methods Phys. Res. A450 (2000) 35.

[2] LEGRAND, J., BRETHON, J.P, LAGOUTINE,
F., Rep. CEA-R-4428 (1973).
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(11]

[12]

[13]

GOODIER, I.W., MAKEPEACE, J.L., STUART,
L.E., Int. J. Appl. Radiat. Isot. 26 (1975) 490.
MERRITT, J.S., GIBSON, EH., Rep. AECL-6203
(1978).

RICCI, R.A., Physica 23 (1957) 693.
YOSHIZAWA, Y., Nucl. Phys. 5 (1958) 122.
DANIEL, H., SCHMITT, H., Z. Phys. 168 (1962)
292.

MERRITT, J.S., TAYLOR, J.G.V,, Anal. Chem. 37
(1965) 351.

HSUE, S.T., LANGER, L.M., TANG, S.M., Nucl.
Phys. 86 (1966) 47.

HANSEN, H.H., LOWENTHAL, G., SPERNOL,
A., VAN DER EIJK, W., VANINBROUKX, R., Z.
Phys. 218 (1969) 25.

GROMOV, K.Y.,, KRETSU, T., KUZNETSOV,
V.V., MAKARIE, G., Bull. Acad. Sci. USSR, Phys.
Ser. 42 4 (1978) 85.

BEHRENS, H., CHRISTMAS, P, Nucl. Phys. 399
(1983) 131.

HANSEN, H.H., Eur. Appl. Res. Rep., Nucl. Sci.
Technol. 6 4 (1985) 777.

Detailed tables and comments can be found on

http://www.nucleide.org/DDEP_WG/DDEPdata.htm

133B a

Half-life evaluated by M.J. Woods (National

Physical Laboratory, UK), September 2003.

Decay scheme evaluated by V.P. Chechev and

N.K. Kuzmenko (V.G. Khlopin Radium Institute,
Russian Federation), April 2000.

Recommended data

Half-life

T, = 3848.7(12) d

SELECTED GAMMA RAYS

E, (keV) P, per decay
53.1622(6) 0.0214(3)
79.6142(12) 0.0265(5)
80.9979(11) 0.329(3)
276.3989(12) 0.0716(5)
302.8508(5) 0.1834(13)
356.0129(7) 0.6205(19)
383.8485(12) 0.0894(6)
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SELECTED X RAYS

Origin Ey (keV) Py per decay
Cs L 3.80-5.70 0.160(8)
Cs Ka, 30.625 0.340(4)
Cs Ko, 30.973 0.628(7)
Cs KB, 34.92-35.26 0.182(2)
Cs KB,  35.82-35.97 0.046(1)
Input data

HALF-LIFE

Half-life (d) Reference
3848.9(7)* [H1]
3841(5) [H2]
3853.6(36) [H3]
3885.9(129) [H4]
3848.0(11) [H5]
3850(55) [H6]
4127(60)° [H7]
3981(37)° [HS]
3848.7(12)

a

Uncertainty increased to (11) to ensure a weighting

factor not greater than 0.50.
> Rejected as an outlier.

[H1]

[H2]

[H6]

[H7]

[HS]

REFERENCES — HALF-LIFE

MARTIN, R.H., BURNS, K.LW., TAYLOR, J.G.V,,
Nucl. Instrum. Methods Phys. Res. A390 (1997)
267.

SCHOTZIG, U., SCHRADER, H., DEBERTIN,
K., in Nuclear Data for Science and Technology
(Proc. Int. Conf. Jiilich, 1991) (QAIM, S.M., Ed.),
Springer, Berlin (1992) 562.

UNTERWEGER, M.P, HOPPES, D.D., SCHIMA,
FJ., Nucl. Instrum. Methods Phys. Res. A312 (1992)
349.

KITS, J, LATAL, E, CHOC, M., Int. J. Appl.
Radiat. Isot. 34 (1983) 935.

HOUTERMANS, H., MILOSEVIC, O,
REICHEL, F, Int. J. Appl. Radiat. Isot. 31 (1980)
153.

HANSEN, H.H., GROSSE, G., MOUCHEL, D.,
VANINBROUKX, R., CBNM Ann. Prog. Rep.
(1980) 44.

LLOYD, R.D., MAYS, C.W,, Int. J. Appl. Radiat.
Isot. 24 (1973) 189.

EMERY, JLF, REYNOLDS, S.A., WYATT, E.I,
GLEASON, G.I., Nucl. Sci. Eng. 48 (1972) 3109.



GAMMA RAYS: MEASURED AND EVALUATED RELATIVE EMISSION PROBABILITIES

E, (keV) [1] (2] (3] [4] [5] (6] [7]
53.162 3.8(8) 3.3(5) 42(2)° 32(4) 3.78(9) 2.91(5)
79.614 3.8(4) — 4.0(4) 5.5(7) 4.9(6) 4.54(7)
80.998 53(4) - 58.2(15) 52(7) 60(7) 53.7(17)
276.399 11.0(7)* 12.0(4)* 11.8(3) 11.6(8) 11.61(17) 11.2(3)
302.851 30(2) 30.6(9)* 29.8(8) 29.4(2) 29.75(29) 29.3(5)
356.013 =100 100 100 100 100 100
383.848 14.5(1) 14.2(5) 14.3(10) 14.3(10) 14.18(26) 14.03(26)°
E, (keV)[1] (8] 9] [10] [11] [12] [13]
53.162 3.54(5) — — — 3.0(4) 3.49(8)
79.614 3.9(2) - 3.7(4) - 5.6(15) 429(12)
80.998 52.6(10) — 56(6) — 52(4) 55.8(16)
276.399 11.4(3) 11.6(5) 11.35(25) 11.43(23) 11.7(8) 11.41(16)
302.851 30.2(6) 29.6(11) 29.4(6) 29.3(6) 29.87(21) 29.4(3)
356.013 100 100 100 100 100 100
383.848 14.4(3) 14.9(6) 14.3(3) 14.5(3) 14.4(11) 14.33(21)
E, (keV) [1] [14] [15] [16] [17] [18] [19]
53.162 3.54(18) 3.57(12) — — 2.96(9) 3.6(5)
79.614 3.1(3) 4.16(18) — — 4.67(14) 3.7(5)
80.998 49.2(26) 54.6(17) - - 55.3(16) 52.3(7)
276.399 11.7(4) 11.4(3) 11.69(16) 11.57(7) — 11.51(8)
302.851 29.8(4) 28.8(8) 29.9(4) 29.55(18) - 29.51(23)
356.013 100 100 100 100 100 100
383.848 14.36(20) 14.3(5) 14.79(27)* 14.36(9) — 13.99(9)?
E, (keV) [1] [20] [21] CRP-1[22] CRP-2 [22] CRP-3[22]  CRP-4[22]
53.162 3.48(7) — — 3.56(14) 3.53(8) 3.53(7)
79.614 3.77(9) — - - 420(12) 4.18(11)
80.998 51.2(4) — — 53.1(19) 54.8(12) 54.6(12)
276.399 11.3(2) 11.64(13) 11.7(4) 11.7(3) 11.51(14) 11.48(14)
302.851 29.2(3) 29.31(40) 29.9(11) 30.1(9) 29.5(3) 29.5(4)
356.013 100 100 100 100 100 100
383.848 14.5(2) 14.52(17) 14.5(5) 14.4(5) 14.37(16) 14.41(16)
E, (keV) [1] CRP-5 [22] CRP-6 [22] CRP-7 [22] CRP-8 [22] CRP9[22]  CRP-10[22]
53.162 3.9(7) 3.45(8) 3.56(8) - - -
79.614 4.00(15) 4.73(12) 4.73(12) — — —
80.998 51.5(19) 57.6(14) 58.9(15) - - -
276.399 11.5(3) 11.68(28) 11.50(28) 11.22(27) 11.22(24) 11.48(25)
302.851 29.5(9) 29.7(7) 29.6(7) 293(6) 29.3(5) 29.3(5)
356.013 100 100 100 100 100 100
383.848 14.2(5) 14.5(4) 14.3(4) 14.53(28) 14.26(25) 14.20(22)
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GAMMA RAYS: MEASURED AND EVALUATED RELATIVE EMISSION PROBABILITIES (cont.)

E, (keV) [1] CRP-11 [22] CRP-12[22] CRP-13 [22] CRP-14[22]  CRP-15[22] CRP-16[22]
53.162 — 3.69(18) 2.92(16) 3.53(8) 3.36(18) 3.26(17)
79.614 — 4.37(16) — 4.39(11) — —
80.998 — 55.3(18) — 55.9(12) — —
276.399 11.57(19) 11.53(16) 11.9(4) 11.61(13) 11.7(5) 11.7(4)
302.851 29.4(4) 29.5(4) 30.2(11) 29.6(4) 29.6(10) 29.7(6)
356.013 100 100 100 100 100 100
383.848 14.34(26) 14.36(20) 14.6(5) 14.34(18) 14.3(4) 14.3(3)
E, (keV) [1] CRP-17 [22] CRP-18[22]  CRP-19[22] Evaluated

53.162 3.53(5) 3.53(6) 3.62(6) 3.45(5)

79.614 — 4.05(8) 4.15(12) 427(8)°

80.998 — 55.1(9) 55.8(9) 53.1(5)°

276.399 11.61(12) 11.49(21) 11.57(17) 11.54(7)°

302.851 29.7(3) 29.4(6) 29.5(4) 29.55(18)"

356.013 100 100 100 100

383.848 14.53(13) 14.51(22) 14.40(20) 14.41(9)°

a
b

C

Rejected value.
Least uncertainty of experimental values.
The adopted value has been changed slightly from the weighted average in order to achieve a precise balance of the ground

state intensity. Such a small change for one y ray supports the adopted experimental value of 0.6205(19) for the absolute
emission probability of the 356 keV y ray, and confirms the decay scheme. The adopted uncertainty of 0.5 is external.

Comments:

Relative y ray emission probabilities have
been measured as part of a cooperative exercise
involving 15 laboratories [22], and denoted as ‘CRP’
in the above table); weighted mean data were
derived in conjunction with the other listed
measurements.

Absolute y ray emission probabilities have
been computed from the evaluated relative
emission probabilities and the absolute emission
probability of the 356.01 keV y ray. The latter has
been obtained as a result of the international inter-
comparison reported in Ref. [22].

REFERENCES — RADIATIONS

[1] HELMER, R.G., VAN DER LEUN, C., Nucl.
Instrum. Methods Phys. Res. A450 (2000) 35.

[2] BLASI, P, et al., Nuovo Cimento 50B (1967) 298.

[3] ALEXANDER, P, LAU, J.P, Nucl. Phys. Al121
(1968) 612.
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RUAN, J-Z., KAWADA, Y., Nucl. Instrum.
Methods Phys. Res. 212 (1983) 249.
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Detailed tables and comments can be found on
http://www.nucleide.ore/DDEP_WG/DDEPdata.htm

139C e

Half-life evaluated by M.J. Woods (National
Physical Laboratory, UK), September 2003.

Decay scheme evaluated by R.G. Helmer
(Idaho  National Laboratory, USA) and
E. Schonfeld  (Physikalisch-Technische Bundes-
anstalt, Germany), September 1996.

Recommended data
Half-life

Ty, = 137.642(20) d

SELECTED GAMMA RAY

E, (keV) P, per decay

165.8575(11)" 0.7990(4)"

a

From Ref. [1], single vy ray that depopulates the first
excited state of '*’La.

by transition assumed to be 100% M1 (% E2 of zero);
internal conversion coefficients of oy = 0.2146(10) and
o, = 0.2516(7) adopted from Ref. [2]: TP(165.86 keV)/
[1+ 0, (165.86 keV)]= 0.7990(4).

SELECTED X RAYS

Origin Ey (keV) Py per decay
La L 4.124-6.252 0.120(6)
La Ka, 33.0344(2) 0.225(3)
La Ko, 33.4421(1) 0.412(4)
La KB, 37.721-38.095 0.1230(18)
La KB, 38.730-38.910 0.0311(6)
Input data

HALF-LIFE

Half-life (d) Reference
137.734(91) [H1]
137.8(2) [H2]
137.65(3) [H3]
137.59(4) [H4]
137.66(4) [H5]
137.2(4) [H6]
137.642(20)

REFERENCES — HALF-LIFE

[H1] UNTERWEGER, M.P, HOPPES, D.D., SCHIMA,
FJ., Nucl. Instrum. Methods Phys. Res. A312 (1992)
349.

[H2] RYTZ, A., Rep. NBS-SP-626 (1982) 32.

[H3] RUTLEDGE, A.R., SMITH, L.V., MERRITT, J.S.,
Rep. AECL-6692 (1980).

[H4] LAGOUTINE, F, LEGRAND, J,, BAC, C., Int. J.
Appl. Radiat. Isot. 29 (1978) 2609.

[HS5] VANINBROUKX, R., GROSSE, G., ZEHNER,
W., Int. J. Appl. Radiat. Isot. 27 (1976) 727.

[H6] EMERY, JLE, REYNOLDS, S.A., WYATT, E.L,
GLEASON, G.I., Nucl. Sci. Eng. 48 (1972) 319.

REFERENCES — RADIATIONS

[1] HELMER, R.G., VAN DER LEUN, C., Nucl.
Instrum. Methods Phys. Res. A450 (2000) 35.

[2] HANSEN, H.H., Eur. Appl. Res. Rep., Nucl. Sci.
Technol. 6 4 (1985) 777.

Detailed tables and comments can be found on
http://www.nucleide.org/DDEP_WG/DDEPdata.htm
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141C e

Half-life evaluated by M.J. Woods (National
Physical Laboratory, UK), September 2003.

Decay scheme evaluated by E. Schonfeld
(Physikalisch-Technische Bundesanstalt, Germany),
October 1998.

Recommended data
Half-life
T,,=32.503(14) d

SELECTED GAMMA RAY

E, (keV) P, per decay

145.4433(14)° 0.4829(20)°

* From Ref. [1].
® The number of photons per disintegration has been
calculated using the transition probability (P,,..),
internal conversion coefficients and atomic data [6].
The y ray emission probability is the weighted mean of
four values (based on absolute activity determina-
tions): 0.4844(41) [2]; 0.482(3) [3]; 0.485(4) [4]; and
0.480(5) [5], to give a weighted mean of 0.4829(20). For
more details see Ref. [6].

SELECTED X RAYS

Origin Ey (keV) Py per decay
Pr L 4.45-6.81 0.0243(10)
Pr Ko, 35.5506(2) 0.0474(11)
Pr Ko, 36.0267(2) 0.0865(12)
Pr KB,  40.65-41.05 0.0263(5)
Pr KB, 41.77-41.97 0.00674(18)
Input data

HALF-LIFE

Half-life (d) Reference
32.510(24) [H1]
32.51(10) [H2]
32.50(3) [H3]
32.500(13)" [H4]
32.45(13) [HS5]
32.503(14)

® Uncertainty increased to (19) to ensure a weighting

factor not greater than 0.50.

84

REFERENCES — HALF-LIFE

[H1] UNTERWEGER, M.P, HOPPES, D.D., SCHIMA,
F.J., Nucl. Instrum. Methods Phys. Res. A312 (1992)
349.

[H2] WALZ, K.F, DEBERTIN, K., SCHRADER, H.,
Int. J. Appl. Radiat. Isot. 34 (1983) 1191.

[H3] RUTLEDGE, A.R., SMITH, L.V., MERRITT, J.S,,
Rep. AECL-6692 (1980).

[H4] VANINBROUKZX, R., GROSSE, G., ZEHNER,
W., Int. J. Appl. Radiat. Isot. 27 (1976) 727.

[H5] EMERY, JF, REYNOLDS, S.A., WYATT, E.L,
GLEASON, G.I, Nucl. Sci. Eng. 48 (1972) 319.

REFERENCES — RADIATIONS

[1] HELMER, R.G, VAN DER LEUN, C., Nucl
Instrum. Methods Phys. Res. A450 (2000) 35.

[2] LEGRAND,J, PEROLAT,JP,BAC, C., GORRY,
J., Int. J. Appl. Radiat. Isot. 26 (1975) 179.
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Detailed tables and comments can be found in
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144C e_144P r

Half-life evaluated by M.J. Woods (National
Physical Laboratory, UK), September 2003.

Decay scheme evaluated by E. Schonfeld and
R. Dersch (Physikalisch-Technische Bundesanstalt,
Germany), July 2002.



Recommended data

Half-life ("*Ce)

SELECTED GAMMA RAYS

Parent E, (keV) P, per decay
144Ce 33.568(10) 0.00235(12)
l4Ce 40.98(10) 0.0041(25)
144Ce 80.12(5) 0.0152(10)
4Ce 133.515(4) 0.1109(16)
144py 696.505(4) 0.01342(14)
144py 1489.148(3) 0.00296(5)
144py 2185.645(5) 0.00680(18)
SELECTED X RAYS

Origin Ey (keV) Py per decay
Pr L 4.45-6.81 0.0142(14)
Pr Ko, 35.5506(3) 0.0256(11)
Pr Ko, 36.0267(4) 0.0469(19)
Pr KB,  40.65-41.05 0.0141(6)
Pr KB, 41.77-41.97 0.00360(15)

Emission probabilities per decay of KX rays
were calculated from the data set described in Ref.

[21].

Input data

HALF-LIFE

Half-life (d) Reference
286.14(9) [H1]
284.558(38)" [H2]
284.45(15) [H3]
285.8(1) [H4]
284.8(3) [H5]
284.9(8) [H6]
285.1(6)

* Uncertainty increased to (60) to ensure a weighting
factor not greater than 0.50.

[H1]

[H2]

REFERENCES — HALF-LIFE

MARTIN, R.H., BURNS, K.I.LW., TAYLOR, J.G.V,,
Nucl. Instrum. Methods Phys. Res. A390 (1997)
267.

UNTERWEGER, M.P, HOPPES, D.D., SCHIMA,
F.J., Nucl. Instrum. Methods Phys. Res. A312 (1992)
349.

WALZ, K.F, DEBERTIN, K., SCHRADER, H.,
Int. J. Appl. Radiat. Isot. 34 (1983) 1191.
HOUTERMANS, H., MILOSEVIC, 0.,
REICHEL, F, Int. J. Appl. Radiat. Isot. 31 (1980)
153.

LAGOUTINE, F,, GALLIC, Y.L., LEGRAND, J,,
Int. J. Appl. Radiat. Isot. 19 (1968) 475.
REYNOLDS, S.A., EMERY, ILF, WYATT, E.IL,
Nucl. Sci. Eng. 32 (1968) 46.

GAMMA RAYS: MEASURED AND EVALUATED RELATIVE EMISSION PROBABILITIES OF *Ce

E, (keV) [1]

(2]

3]

(4]

[5] (6] [7]

33.6 2.0(5) 2.3(3) 1.4(5) 2.62(19) — —
41.0 4.4(15) 5(4) 4.6(23) 3.6(5) - —
80.1 14.8(13) 16(2) 14.3(14) 10.2(11) 15.0(4) 13.4(9)
1335 =100 100 100 100 100 100
E, (keV) 1] [8] [9] [10] Evaluated [21]

33.6 2.14(17) 1.77(26) 1.8(2) 2.12(10)

41.0 3.76(65) 3.22(22) 1.38(20) 3.7(23)

80.1 13.6(10) 12.6(10) 12.25(51) 13.7(13)

1335 100 100 100 100
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GAMMA RAYS: MEASURED AND EVALUATED RELATIVE EMISSION PROBABILITIES OF *Pr

E, (keV) [1] [11] [12] [13] [14] [15] [16]

696.5 =100 100 100 100 100 100

1489.1 20 17(2) 19.5(2) 202(21) 17.7(5) 22(2)

2185.6 51 50(5) 46(7) 49.5(50) 48(9) 64(6)

E, (keV) [1] (4] [17] (6] [7] (18] [19]

696.5 100 100 100 100 100 100

1489.1 19.5(14) 20.7(3) 20(4) 20.27(21) 21.8(9) 19.9(2)

2185.6 49.5(4) 51.7(10) 49.9(10) 52.3(7) 55.7(22) 51.5(7)

E, (keV) [1] [20] Evaluated [21]

696.5 100 100

1489.1 22.0(12) 22.1(24)

2185.6 56.1(25) 50.7(12)

Comments: [8] BANSHUIL, Y., et al., Radiochem. Radioanal. Lett.
53 (1982) 351.

Evaluated emission probabilities are the [9] EL-AASSER, MR. ABDUL-HALIEM, A,
weighted averages calculated according to the ASFOUR, P, COMSAN, M.N,, Arab. J. Nucl. Sci.
limitation of relative statistical weights method; no Appl. 16-2 (1983) 283.
value has a relative weighting factor greater than [10] 211211311481:(83?\10’(}]1\1 MﬁRI?’ HI\>I I;IAEI;];:IM’ RA"

, U, INucl. Instrum. ethods yS. Ikes.
0-50. . . 221 (1984) 564.

Absolute emission probabilities for the y rays [11] KREGER, WE., COOK, CsS., Phys. Rev. 96 (1954)
with energies of 133.5 keV (from **Ce decay) and 1276, T T o
696.5 keV (from “Pr decay) were obtained from [12] GRAHAM, RL. GEIGER, JS., EASTWOOD,
Ref. [17], with values of 0.1109(16) and 0.01342(14), T.A., Can. J. Phys. 36 (1958) 1084.
respectively. All absolute emission probabilities are [13] PORTER, FT, DAY, PP, Phys. Rev. 114 (1959)
given per decay of '**Ce by considering '*Ce and 1286.
1%Pr to be in equilibrium. [14] RAMAN, S., Nucl. Phys. A107 (1968) 402.

[15] SAYRES, AR. TRAIL, C.C., Nucl. Phys. A113
(1968) 521.
[1] HELMER, R.G., VAN DER LEUN, C., Nudl [17] DEBERTIN, K., SCHOTZIG, U, WALZ, K.F,

Instrum. Methods Phys. Res. A450 (2000) 35. (18] gif}slk P(IDII\?/[F Am;/'[l;“d' %Ii;ggég;‘gf G

2] ANTILLA, A., PIIPARINEN, M., Z. Phys. 237 ’ o i ’ N
2] (1970 126 o T ys ARDISSON, G., Radiochem. Radioanal. Lett. 40
' 1979) 123.
[3] POTNIS, V.R., AGIN, G.P, MANDEVILLE, CE., (
J. Phys. Soc. Jpn. 29 (1970) 539. [19] 819221)\422’7“3’ MacMAHON, T.D., Nucl. Energy 20
[4] FASCHING, J.L., WALTERS, W.B.,, CORYELL, 20] DALMASéO 1. FOREST. H. ARDISSON. G
C.D., Phys. Rev. 1 (1970) 1126. Phys. Rev: s (198 ) 1006 o D
5] CHATTERIJEE-DAS, JM., et al., Radiochem. ;T : :
5] Radioanal. Lett. 27 (1’976) 11’96 al, Radiochem [21] BE, M.-M., et al., Table de Radionucléides,
[6] RAO, B.V., RAO, G.N., J. Phys. Soc. Jpn. 40 (1976) gofinifisgg)n Evaluations, CEA Saclay, Gif-sur-
vette .
1. . . »
GEHRKE. RJ. HELMER, R.G. GREEN- [22] BE, M.-M., et al., Table de Radionucléides, CEA

WOOD, R.C., Nucl. Instrum. Methods 147 (1977)
405.
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Saclay, Gif-sur-Yvette (1999).



Detailed tables and comments can be found in
Refs [21, 22], and on
http://www.nucleide.org/DDEP_WG/DDEPdata.htm

153Sm

Half-life evaluated by M.J. Woods (National
Physical Laboratory, UK), September 2003.

Decay scheme evaluated by R.G. Helmer
(Idaho  National Laboratory, USA) and
E. Schonfeld  (Physikalisch-Technische Bundes-
anstalt, Germany), September 2001.

Recommended data
Half-life
T,,=1.938(10) d

SELECTED GAMMA RAYS

E, (keV)* P, per decay
69.67301(18) 0.0473(3)
83.36716(17) 0.00192(7)
89.48593(21) 0.00158(15)
97.43095(17) 0.00772(18)
103.18007(13) 0.293(3)
172.85295(21) 0.000737(20)
* From Ref. [1].

SELECTED X RAYS

Origin Ey (keV) Py per decay
Eu L 5.18-8.03 0.1004(15)
Eu Ko, 40.9024 0.163(3)
Eu Ka, 41.5427 0.293(4)
Eu KB, 46.90-48.27 0.0920(14)
Eu KB, 48.39-48.50 0.0236(11)

Input data

HALF-LIFE

Half-life (d) Reference
1.9284(29) [H1]
1.92854(17) [H2]
1.928554(58)° [H3]
1.9458(21) [H4]
1.9479(38) [H5]
1.950(4) [H6]
1.938(10)

® Uncertainty increased to (170) to ensure a weighting
factor not greater than 0.50.

REFERENCES — HALF-LIFE

[H1] SCHRADER, H., Appl. Radiat. Isot. 60 (2004)
317.

[H2] BOWLES, N.E., et al., Appl. Radiat. Isot. 49 (1998)
1345.

[H3] COURSEY, B.M., HOPPES, D.D., SCHIMA, FJ.,
UNTERWEGER, M.P, Appl. Radiat. Isot. 38
(1987) 31.

[H4] ABZOUZI, A., ANTONY, M.S., NDOCKO
NDONGUE, V.B., J. Radioanal. Nucl. Chem. Lett.
135 (1989) 1.

[HS] CHU, Y.Y., FRANZ, E.M., FRIEDLANDER, G,
Phys. Rev. C1 (1970) 1826.

[H6] REYNOLDS, S.A., EMERY, JF, WYATT, E.L,
Nucl. Sci. Eng. 32 (1968) 46.
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GAMMA RAYS: MEASURED AND EVALUATED RELATIVE EMISSION PROBABILITIES

E, (keV) 2] (3] (4] (5] (6] [7]
69.6 17.3(10) — 16.2(14) 16.26(21) 16.2(5) 16.39(18)
75.4 0.61(4) — 1.10(12) 1.17(5) 0.55(2) 75.5(23)
83.3 0.75(4) — 0.63(6) 0.68(4) 0.63(2) 6.95(20)
89.4 0.58(3) — 0.32(4) — 0.59(2) —
97.4 2.63(13) — 2.33(20) 2.84(4) 2.55(4) 2.79(6)
103.1 =100.0 100 100 100 100 100
172.8 0.21(2) 0.24(5) 0.28(3) 0.270(4) 0.250(4) 0.253(11)
E, (keV) [8] Evaluated

69.6 15.91(17) 16.18(11)

75.4 0.80(7) 0.66(9)

83.3 0.72(4) 0.655(25)

89.4 0.534(24) 0.54(5)

97.4 2.583(24) 2.64(6)

103.1 100.0 100.0

172.8 0.2450(24) 0.252(7)

Comments: [S] HEATH, R.L., Gamma ray Spectrum Catalogue,

Evaluated emission probabilities are the
weighted averages calculated according to the
limitation of relative statistical weights method; no
value has a relative weighting factor greater than 0.50.

Relative emission probability data for the
75.4 keV vy transition are discrepant; therefore, this
y ray has been removed from the recommended list
of data.

Absolute emission probabilities have been
measured for several y rays [6, 8, 9]; average values
from these references are P,(69 keV) = 0.0470(5)
and P(103 keV) = 0.2926(32). The above relative
emission probabilities have been normalized to
P,(103 keV) = 0.2926(32) (which was subsequently
redefined as 0.293(3)).

REFERENCES — RADIATIONS

HELMER, R.G., VAN DER LEUN, C., Nucl
Instrum. Methods Phys. Res. A450 (2000) 35.
ALEXANDER, P, Phys. Rev. 134 (1964) B499.
BLICHERT-TOFT, PH., FUNK, E.G.,
MIHELICH, J.W., Nucl. Phys. 79 (1966) 12.
PATIN, Y., C. R. Acad. Sci., Paris, Ser. B 268 (1969)
574.
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UNTERWEGER, M.P, Appl. Radiat. Isot. 38
(1987) 31.

CHAND, B., GOSWAMY, J, MEHTA, D,
SINGH, N., TREHAN, PN., Appl. Radiat. Isot. 43
(1992) 997.

BOWLES, N.E., et al., Appl. Radiat. Isot. 49 (1998)
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51 (1999) 169.

Detailed tables and comments can be found on
http://www.nucleide.org/DDEP_WG/DDEPdata.htm

152Eu

Half-life evaluated by M.J. Woods (National
Physical Laboratory, UK), September 2003.

Decay scheme evaluated by V.R. Vanin,
R.M. Castro (Universidade de Sdo Paulo, Brazil)
and E. Browne (Lawrence Berkeley National
Laboratory, USA), October 2001; cut-off date:
August 2000.



Recommended data
Half-life

SELECTED GAMMA RAYS

Decay mode

(daughter) E, (keV) P, per decay
& ("’Sm) 121.7817(3) 0.2841(13)
g ("2Sm) 244.6974(8) 0.0755(4)
B~ (1°Gd) 344.2785(12) 0.2658(12)
B~ (**Gd) 411.1165(12) 0.02237(10)
e ("’Sm) 443.965(3)* 0.03125(14)
B~ (**Gd) 778.9045(24) 0.1296(6)
& ("’Sm) 867.380(3) 0.04241(23)
g ("2Sm) 964.072(18)* 0.1462(6)
g ("’Sm) 1085.837(10) 0.1013(6)
B~ (**Gd) 1089.737(5) 0.01731(10)
e ("’Sm) 1112.076(3) 0.1340(6)
g ("2Sm) 1212.948(11) 0.01415(9)
B~ (1°Gd) 1299.142(8) 0.01632(9)
e ("2Sm) 1408.013(3) 0.2085(9)
* Unresolved doublet.

SELECTED X RAYS

Origin Ey (keV) Py per decay
Sm L 5.61-7.18 0.130(4)
Sm Ka, 39.5229 0.208(3)
Sm Ko, 40.1186 0.377(5)
Sm KBy 45.289-45.731 0.1178(19)
Sm KB, 46.575-46.813 0.0304(8)

Input data

HALF-LIFE

Half-life (d) Reference
4934.1(23) [H1]
4948(7) [H2]
4945.5(23) [H3]
4944.4(41) [H4]
4943(4) [H5]
4792(37)* [H6]
4785(55)° [H7]
4821(110)* [H8]
4941(7)

* Rejected as an outlier.

[H1]

[H2]

[H3]

[H4]

REFERENCES — HALF-LIFE
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MARTIN, R.H., BURNS, K.LW,, TAYLOR, J.G.V,,
Nucl. Instrum. Methods Phys. Res. A390 (1997)
267.

UNTERWEGER, M.P, HOPPES, D.D., SCHIMA,
FJ., Nucl. Instrum. Methods Phys. Res. A312 (1992)
349.

KUZMENKO, NK,, SERGEEY, V.0O.,
CHECHEYV, V.P, in Nuclear Spectroscopy
Structure Atomic Nuclei (Proc. 40th Ann. Conf.
Leningrad, 1990) 476.

WOODS, M.J.,, LUCAS, S.E.M., Appl. Radiat. Isot.
37 (1986) 1157.

BABA, S, et al., Int. J. Appl. Radiat. Isot. 34 (1983)
891.

LAGOUTINE, E, LEGRAND, J, BAC, C,, Int. J.
Appl. Radiat. Isot. 29 (1978) 2609.

EMERY, JLF, REYNOLDS, S.A., WYATT, E.I,
GLEASON, G.I., Nucl. Sci. Eng. 48 (1972) 3109.
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GAMMA RAYS: MEASURED AND EVALUATED RELATIVE EMISSION PROBABILITIES

E, (keV) [1] (3] (4] (5] (6] [7] (8]
121.7817(3) 145.0(41) 138.5(64) 132.9(40) 144.6(47) 141.0(40) 140.6(28)
244.6974(8) 39.4(13) 36.2(18) 35.8(10) 36.4(12) 36.6(11) 35.8(6)
344.2785(12) 128.2(36) 128.2(59) 128.2(38) 128.2(42) 127.2(13) 128.2(26)
411.1165(12) 10.14(54) 10.32(51) 10.77(38) 10.59(27) 10.71(11) 10.55(22)
443.965(3)° - 13.2(8) 13.5(5) 13.6(8) - -
443.965(3) — 1.15(38) 1.67(26) 1.28(26) — —
443.965(3)° 15.47(33) 14.36(86) 15.13(57) 14.87(81) 15.00(15) 14.95(13)
778.9045(24) - 59.7(29) 62.6(14) 59.9(7) 62.6(6) 62.5(12)
867.380(3) - 19.23(90) 20.09(49) 19.31(35) 20.54(21) 20.29(51)
963.390(12) — — 0.628(103) 0.487(103) — —
964.072(18)" - 67.44(333) 69.86(179) 68.08(179) 70.40(70) 70.45(141)
1085.837(10) — 47.69(282) 50.64(154) 47.59(86) 48.70(50) 49.62(128)
1089.737(5) - 8.00(64) 8.46(77) 7.90(37) 8.26(9) 8.59(26)
1109.178(12) — — 0.897(385) 0.808(179) — —
1112.076(3)¢ - 63.59(321) 65.77(185) 63.99(87) 65.00(70) 65.64(128)
1112.076(3) — — 64.87(179) 63.18(86) — —
1212.948(11) - 6.55(35) 7.05(26) 6.74(26) 6.67(7) 6.72(14)
1299.142(8) - 7.71(40) 8.23(41) 7.88(44) 7.76(8) 7.97(19)
1408.013(3) - 99.5(50) 103.6(27) 97.7(28) 100.0(10) 99.9(19)
E, (keV) [1] [9] [10] [11] [12] [13] [14]
121.7817(3) 136.99(13) 136.7(7) 139.0(10) 136.2(16) 136.6(18) 133.5(18)
244.6974(8) 36.2(3) 36.5(4) 36.5(3) 35.9(6) 38.0(5) -
344.2785(12) 127.1(7) 126.9(9) 1282(8) 127.5(9) 128.2(17) 128.2(18)
411.1165(12) 10.84(7) 10.73(10) 10.80(10) 10.70(10) 10.82(15) 10.72(23)
443.965(3) — — — — — —
443.965(3)° - — _ _ _ _
443.965(3)° 15.01(11) 14.81(13) 14.90(20) 14.80(20) 15.06(22) 15.18(22)
778.9045(24) 62.16(22) 62.1(5) 62.2(4) 61.9(8) 62.1(9) 62.5(13)
867.380(3) 20.33(10) 20.36(17) 20.40(30) 19.90(40) 20.33(27) 20.45(42)
963.390(12) - - - - - -
964.072(18)" 70.14(23) 71.03(40) 70.50(60) 69.20(90) 69.67(95) 70.50(149)
1085.837(10) 48.15(16) 47.84(31) 49.60(40) 48.70(80) 49.19(67) 49.60(94)
1089.737(5) 8.35(4) 8.19(10) — 8.20(10) 7.97(51) 8.19(17)
1109.178(12) 1.000(50) - - 0.880(20) - -
1112.076(3)¢ 65.67(22) 65.45(78) 65.90(50) 65.80(90) 65.23(99) 62.47(112)
1112.076(3) 64.67(21) - — 64.90(9) — —
1212.948(11) 6.85(5) — 6.83(5) 6.70(8) 6.97(18) 6.85(15)
1299.142(8) 7.80(5) - 7.88(6) 7.80(10) 7.94(19) 8.08(36)
1408.013(3) 100.0(3) 100.0(6) 100.0(5) 100.0(3) 99.2(11) 102.6(14)
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GAMMA RAYS:

MEASURED AND EVALUATED RELATIVE EMISSION PROBABILITIES (cont.)

E, (keV) [1] [15]* [17] (18] [19] [20] [21]
121.7817(3) 136.9(39) 135.0(19) 135.7(8) 136.4(5) 131.5(43) 135.8(9)
244.6974(8) 36.8(9) 35.5(5) 35.5(3) 36.3(2) 36.2(10) 35.9(5)
344.2785(12) 128.2(29) 128.9(15) 127.2(8) 127.4(6) 123.9(28) 127.6(4)
411.1165(12) 10.70(29) 10.46(16) 10.67(7) 10.80(6) 10.27(22) 10.75(4)
443.965(3)° - — _ _ _ _
443.965(3) — — — — — —
443.965(3)° 13.78(39) 14.68(21) 14.84(9) 14.96(7) 14.35(4) 15.07(6)
778.9045(24) 63.7(14) 62.4(8) 62.6(4) 62.25(19) — 62.12(23)
867.380(3) 20.92(48) — — — — —
963.390(12) — — — — — —
964.072(18)" 67.96(193) 69.62(84) 69.82(42) 70.10(23) - 70.41(22)
1085.837(10) 47.96(106) 48.89(59) 48.61(29) 49.13(19) 47.43(60) 48.83(14)
1089.737(5) 8.19(19) - - - - -
1109.178(12) — — — — — —
1112.076(3)¢ - - - - - -
1112.076(3) — 64.28(77) 64.45(32) 65.25(27) 64.00(80) 65.26(20)
1212.948(11) 6.70(19) - - - - -
1299.142(8) — — — — — —
1408.013(3) - 100.0(12) 100.0(5) 100.0(3) 100.0(15) 100.0(3)
E, (keV) [1] [22] [23] [24] [25] [26] [27]
121.7817(3) — 133.4(14) — 139.2(29) 137.0(10) —
244.6974(8) - 36.3(3) 36.7(11) - 35.7(4) 35.7(4)
344.2785(12) 130.6(29) 130.4(12) 127.1(11) — 127.2(10) 126.7(11)
411.1165(12) 10.77(12) 10.90(12) 10.71(11) 10.90(23) 10.72(10) 10.90(33)
443.965(3) — — — — — —
443.965(3)° - — _ _ _ _
443.965(3)° 15.25(12) 15.33(18) 14.88(15) 15.3(26) 14.95(13) 14.73(43)
778.9045(24) 62.6(4) 62.4(12) 62.6(6) 61.8(12) 61.9(4) 61.1(9)
867.380(3) — — — — — —
963.390(12) - - - - - -
964.072(18)" 70.40(60) 69.80(90) 70.30(70) 69.90(100) 70.30(40) 70.90(100)
1085.837(10) 49.10(40) 47.90(60) 48.70(50) 48.90(50) 48.40(30) —
1089.737(5) — — — — — —
1109.178(12) - - - - - -
1112.076(3)¢ — — — — — —
1112.076(3) 65.70(70) 64.70(40) 64.30(60) 66.70(80) 64.90(50) 67.20(90)
1212.948(11) — — — — — —
1299.142(8) - - - - - -
1408.013(3) 100.0(9) 100.0(9) 100.0(10) 100.0(12) 100.0(5) 100.0(12)
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GAMMA RAYS:

MEASURED AND EVALUATED RELATIVE EMISSION PROBABILITIES (cont.)

E, (keV) [1] [28] [29] [30] [31] [32] [33]
121.7817(3) 136.4(30) 132.5(29) 134.8(20) 136.8(41) 135.5(20) 138.9(43)
244.6974(8) _ 363(7) 36.4(4) 37.9(12) 35.6(5) _
344.2785(12) 1262(34) 128.9(24) 128.8(13) 132.7(40) 1266(13)  133.9(55)
411.1165(12) 10.62(67) 10.72(26) 10.86(12) 11.21(39) 10.52(14) 11.18(53)
443.965(3)" . _ . _ _ _
443.965(3)" . . . - - -
443.965(3)° 14.64(89) 15.15(32) 15.22(15) - 14.89(19) 16.15(73)
778.9045(24) 61.0(10) 62.0(10) 62.4(5) 61.2(19) 61.3(7) 642(21)
867.380(3) _ _ _ _ _ _
963.390(12) . . . - - -
964.072(18)¢ 69.30(100) 68.40(110) 70.10(50) 69.80(220) 70.00(80) 71.20(230)
1085.837(10) 48.50(90) . 48.59(30) 50.70(150) 43.00(50)  50.00(120)
1089.737(5) _ _ _ _ _ _
1109.178(12) . . . - - -
1112.076(3)° _ _ _ _ _ _
1112.076(3) 64.50(110) 65.50(100) 65.30(50) 64.70(200) 65.4080)  66.50(150)
1212.948(11) _ _ _ _ _ _
1299.142(8) . . . - - -
1408.013(3) 100.0(15) 100.0(23) 100.0(7) 100.0(30) 100.0(10) 100.0(29)
E, (keV) [1] [34] Evaluated [36]"

121.7817(3) 134.9(12) 136.35(25)

244.6974(3) 36.4(2) 36.23(8)

344.2785(12) 126.4(9) 127.53(20)

411.1165(12) 10.57(8) 10.735(20)

443.965(3)" . 13.46(9)

443.965(3)° _ 1.53(9)

443.965(3)° 14.81(16) 14.99(3)

778.9045(24) 62.0(5) 62.17(9)

867.380(3) . 20.35(7)

963.390(12) - 0.644(14)

964.072(18)¢ 69.90(50) 69.55(10)

1085.837(10) _ 48.63(20)

1089.737(5) _ 8.30(3)

1109.178(12) - 0.892(18)

1112.076(3)° . 65.19(9)

1112.076(3) 64.20(70) 64.30(9)
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GAMMA RAYS: MEASURED AND EVALUATED RELATIVE EMISSION PROBABILITIES (cont.)

E, (keV) [1] [34] Evaluated [36]"
1212.948(11) . 6.79(3)
1299.142(8) _ 7.83(3)
1408.013(3) 100.0(12) 100.00(12)

a

doubled.

Evaluators considered the precision of the values given in Ref. [15] as unwarranted; these uncertainties have been

Components of an unresolved doublet assigned an energy of 443.965(3) keV from Ref. [2].
Relative emission probability is the sum of the components of the unresolved doublet.

4 Weighted average energy of an unresolved doublet of energies 963.390(12) and 964.079(18) keV from Ref. [2]; relative

emission probability is the sum of the components.

Comments:

Evaluated relative emission probabilities are
the weighted averages calculated according to the
limitation of relative statistical weights method; no
value has a relative weighting factor greater than 0.50.

These relative emission probabilities have
been normalized to P (1408 ke V) = 0.2085(9), which
was determined from an intercomparison of
measured absolute emission probabilities produced
by participants from various laboratories and
coordinated by the ICRM [16].
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154Eu

Half-life evaluated by M.J. Woods (National

Physical Laboratory, UK), September 2003.

Decay scheme evaluated by V.P. Chechev and
N.K. Kuzmenko (V.G. Khlopin Radium Institute,

Russian Federation), December 2002.
Recommended data
Half-life

T, =3138.1(14) d

SELECTED GAMMA RAYS

E, (keV) P, per decay
123.0706(9)° 0.404(5)
247.9288(7)* 0.0689(7)
591.755(3)° 0.0495(5)
692.4205(18)* 0.0179(3)
723.3014(22)° 0.2005(21)
756.8020(23)* 0.0453(5)
873.1834(23)" 0.1217(12)
996.262(6)° 0.1050(10)
1004.725(7)° 0.1785(17)
1246.121(4)* 0.00862(8)
1274.429(4) 0.349(3)
1596.4804(28)" 0.01783(17)

* From Ref. [1].
b Averaged experimental data [2-4].

SELECTED X RAYS

Origin Ey (keV) Py per decay
Gd L 5.36-8.10 0.071(3)
Gd Ka, 42.3093 0.072(2)
Gd Ko, 42.9967 0.130(3)
Gd KB, 48.556-49.053 0.041(1)
Gd KB, 49.961-50.219 0.0108(3)
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Input data

HALF-LIFE

Half-life (d) Reference
3138.1(11) [H1]
3138.2(61) [H2]
3138(2) [H3]
3105(183) [H4]
3138.1(14)

a

Uncertainty increased to (19) to ensure a weighting
factor not greater than 0.50.
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[H3] WOODS, M.J,, LUCAS, S.E.M., Appl. Radiat. Isot.
37 (1986) 1157.

[H4] EMERY, JLE, REYNOLDS, S.A., WYATT, E.L,
GLEASON, G.I., Nucl. Sci. Eng. 48 (1972) 319.



GAMMA RAYS: MEASURED AND EVALUATED RELATIVE EMISSION PROBABILITIES

E, (keV) [1] (5] [6] [7] (8] [9]
123.071 - 116(6) - - 118.5(13)
247.929 — 20.1(10) 20.51(20) 20.51(20) 19.91(14)
591.755 14.44(31) 14.8(8) 13.62(24) 13.62(24) 14.35(6)
692.420 5.07(13) 4.97(30) 4.86(8) 4.86(8) 5.182(29)
723.301 56.5(12) 60.1(31) 55.40(41) 55.40(41) 58.19(27)
756.802 12.71(23) 12.9(6) 12.51(11) 12.51(11) 13.18(8)
873.183 33.72(75) 34.8(17) 33.6(25) 33.6(25) 35.18(16)
996.26 29.39(71) 29.4(15) 29.7(21) 29.7(21) 30.09(15)
1004.72 50.4(11) 50.6(25) 50.93(32) 50.93(32) 52.04(25)
1246.12 2.54(7) 2.40(22) 2.35(5) 2.35(5) 2.49(4)
1274.43 =100 100 100 100 100
1596.48 — 5.15(26) 5.19(8) 5.19(8) 5.247(30)
E, (keV) [1] (10] (11] (12] (4] 2]
123.071 111.7(16) 122.1(36) 117.0(11) 114.1(20) 116.5(12)
247.929 19.615(98) 23.04(59) 19.82(16) 19.72(32) 19.8(2)
591.755 14.05(14) 15.84(66) 14.19(11) 14.14(15) 14.21(11)
692.420 5.14(5) 5.75(15) — 5.1009) 5.09(4)
723.301 57.23(46) 64.9(21) 57.6(4) 57.2(6) 57.3(4)
756.802 12.89(13) 13.61(20) — 12.99(15) 12.9(11)
873.183 34.66(21) 35.7(13) 34.95(31) 34.65(30) 34.81(28)
996.26 30.87(12) 31.0(19) 29.9(3) 30.14(30) 29.78(23)
1004.72 52.05(31) 54.84(225) 51.9(5) 51.8(6) 51.55(40)
1246.12 2.52(5) 2.51(12) — 2.48(3) 2.449(23)
1274.43 100 100 100 100 100
1596.48 5.237(84) 4.54(18) 5.08(5) 5.13(8) 5.078(40)
E, (keV) [1] [13] [3] [14] Evaluated

123.071 115.6(15) 113.0(15) 115.4(7) 115.9(8)

247.929 19.65(44) 19.5(2) 19.857(93) 19.76(9)

591.755 14.18(31) 14.0(14) 14.338(117) 14.18(7)

692.420 5.13(12) 5.04(5) 5.085(59) 5.12(3)

723.301 57.78(89) 56.9(6) 58.107(276) 57.46(25)

756.802 13.02(24) 12.8(2) 13.035(127) 12.98(8)

873.183 35.01(44) 34.5(4) 34.342(266) 34.87(9)

996.26 30.29(51) 29.9(3) 29.206(269) 30.1(1)

1004.72 52.07(89) 51.6(4) 51.233(276) 51.17(13)

1246.12 2.45(8) 2.48(2) 2.403(48) 2.470(11)

1274.43 100 100 100 100

1596.48 5.12(17) 5.08(5) 5.083(22) 5.11(3)
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Comments:

Gamma ray energies have been adopted from
Ref. [1], apart from the 996.26 and 1004.72 keV
energies obtained by averaging experimental data
[2-4].

Absolute y ray emission probabilities have
been calculated using a normalization factor of
0.003489(34) and the evaluated relative emission
probabilities listed in the table. The normalization
factor was obtained from an intensity balance of the
v ray transitions (y + ce) to the ground states of
134Gd and '**Sm, assuming both are not populated
directly in the € and B~ decay of **Eu to **Gd and
134Sm, respectively.
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Detailed tables and comments can be found on
http://www.nucleide.ore/DDEP_WG/DDEPdata.htm
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ISSEu

Half-life evaluated by M.J. Woods (National
Physical Laboratory, UK), September 2003.

Decay scheme evaluated by V.P. Chechev and
V.0. Sergeev (V.G. Khlopin Radium Institute,
Russian Federation), October 2001.

Recommended data
Half-life
T,,=1736(6) d

SELECTED GAMMA RAYS

E, (keV) P, per decay
26.531(21) 0.00316(22)
45.2990(10) 0.0131(5)
60.0086(10) 0.0122(5)
86.0591(10) 0.00154(17)
86.5479(10) 0.307(3)
105.3083(10) 0.211(6)
SELECTED X RAYS

Origin Ey (keV) Py per decay
Gd L 5.36-8.10 0.075(5)
Gd Ka, 42.3093 0.0670(13)
Gd Ko, 42.9967 0.1205(23)
Gd KB, 48.556-49.053 0.0384(11)
Gd KB, 49.961-50.219 0.0098(3)
Input data

HALF-LIFE

Half-life (d) Reference
1739(8) [H1]
1738.97(49)* [H2]
1709(18) [H3]
1655(51)° [H4]
1812(4)° [H5]
1698(73) [H6]
1736(6)

®  Uncertainty increased to (730) to ensure a weighting

factor not greater than 0.50.
> Rejected as an outlier.



REFERENCES — HALF-LIFE

[H1] SIEGERT, H., SCHRADER, H., SCHOTZIG, U.,
Appl. Radiat. Isot. 49 (1998) 1397.

[H2] UNTERWEGER, M.P, HOPPES, D.D., SCHIMA,
F.J., Nucl. Instrum. Methods Phys. Res. A312 (1992)
349.

[H3]

[H4]
[H5]

[H6]

DANIELS, W.R., BARR, D.W., GRISHAM, G.F,
LAWRENCE, EO,, J. Inorg. Nucl. Chem. 36 (1974)
3874.

SUBBA RAO, B.N,, Current Sci., India 41 (1972)
692.

EMERY, JE, REYNOLDS, S.A., WYATT, E.L,
GLEASON, G.I., Nucl. Sci. Eng. 48 (1972) 319.
MOWATT, R.S., Can. J. Phys. 48 (1970) 1933.

GAMMA RAYS: MEASURED AND EVALUATED RELATIVE EMISSION PROBABILITIES

E, (keV) [1-10] (1] [14] [15] 3] (4] (13]
26.53 ~4 - ~1° 1.03(6)* - 1.00(10)
45.299 2.3% — 2.8(7)° 4.18(17)* 3.6(7) 4.1(3)
60.009 4.0° 5.1(20) 3.8(2) 3.60(10)° 43(3) 3.99)
86.059 — — 0.50(5) — 0.49(5) —
86.548 =100 100 100 100 100 100
105.308 64° 65.7(65) 67.9(35) 66.8(27)* 68.3(27) 68(4)
E, (keV) [1-10] [7] [9] [12] [16] Evaluated

26.53 1.10(13) 1.03(6) — - 1.03(6)

45.299 3.95(40) 4.21(20) 4.36(12) 4.3(10) 4.27(12)

60.009 3.8(4) 3.60(10) 3.99(12) 3.9(9) 3.96(12)

86.059 0.54(11) — — — 0.50(5)

86.548 100 100 100 100 100

105.308 69.9(35) 66.8(27) 68.5(14) 69.5(16) 68.8(14)°

a

Value rejected; no quoted uncertainty.

> Value of 69.1(9) from Ref. [17] has also been included in the analysed data set.

Comments:

Gamma ray energies have been obtained by
averaging the experimental data [1-10].

Absolute emission probability of the
86.55keV y ray was obtained by averaging the
experimental data of 0.311(4) [11] and 0.305(3) [12]
to give a value of 0.307(3). The resulting normali-
zation factor of 0.00307(3) and the relative emission
probabilities listed above were used to calculate the
absolute emission probabilities of the y rays.

REFERENCES — RADIATIONS

[1] HATCH, E.N.,, BOEHM, F, Z. Phys. 155 (1959)
609.

[2] FOIN, C., OMS, J, BARAT, J.-L., J. Phys., Paris 28
(1967) 861.

(11]

[12]

MEYER, R.A., MEADOWS, J.W.T., Nucl. Phys.
A132 (1969) 177.

REIERSON, J.D., NELSON, G.C., HATCH, E.N,,
Nucl. Phys. A153 (1970) 109.

RAESIDE, D.E., Nucl. Instrum. Methods 87 (1970)
7.

CHRISTMAS, P, CROSS, P, J. Phys., London G1
(1975) 113.

CRINEAN, G.B., WILD, L.W.J., SPICER, B.M,,
Nucl. Phys. A244 (1975) 67.

SCHMIDT, H.H., et al, J. Phys., London G12
(1986) 411.

MEYER, R.A., Fizika, Zagreb 22 (1990) 153.
GOROZHANKIN, V.M., et al., Nuclear Spectros-
copy Structure Atomic Nuclei, Proc. 40th Ann.
Conf. Leningrad, 1990 (1990) 97.

COURSEY, B.M..et al., Nucl. Instrum. Methods
Phys. Res. A339 (1994) 26.

EGOROV, A.G., CHECHEY, V.P, Nucl. Instrum.
Methods Phys. Res. A339 (1994) 248.
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[13] GEHRKE, R.J., LOKKEN, R.A., Nucl. Instrum.
Methods 97 (1971) 219.

[14] BERG, R.E., SNELGROVE, JL., KASHY, E.,
Phys. Rev. 153 (1967) 1165.

[15] ALEXANDER, P, Nucl. Phys. A108 (1968) 145.

[16] CHECHEYV, V.P, EGOROV, A.G., SHCHUKIN,
G.E., Appl. Radiat. Isot. 47 (1996) 329.

[17] HEATH, R.L., Gamma-ray Spectrum Catalogue,
Rep. ANCR 1000-2 (1974).

Detailed tables and comments can be found on
http://www.nucleide.org/DDEP_WG/DDEPdata.htm
166H0

Half-life evaluated by M.J. Woods (National
Physical Laboratory, UK), September 2003.

Decay scheme evaluated by E. Schonfeld
(Physikalisch-Technische Bundesanstalt, Germany),
March 1999.

Recommended data

Half-life

T, = 1.1165(13) d

SELECTED GAMMA RAYS

E, (keV) P, per decay
80.576(2) 0.0655(8)
1379.437(6) 0.00933(16)
1581.833(7) 0.00186(4)
1662.439(6) 0.00118(5)

SELECTED X RAYS

Origin Ey (keV) Py per decay
Er L 6.15-9.43 0.076(4)
Er Ka, 48.2215(3) 0.0291(10)
Er Ko, 49.1282(4) 0.0516(17)
Er KB, 55.50-56.04 0.0168(6)
Er KB, 57.21-57.46 0.00436(18)
Input data

HALF-LIFE

Half-life (d) Reference
1.11526(18)* [H1]
1.11779(21) [H2]
1.1250(17)° [H3]
1.1163(13) [H4]
1.1165(13)

® Uncertainty increased to (21) to ensure a weighting

factor not greater than 0.50.
> Rejected as an outlier.

REFERENCES — HALF-LIFE

[H1] COURSEY, B.M,, et al., Nucl. Instrum. Methods
Phys. Res. A339 (1994) 26.

[H2] ABZOUZI, A., ANTONY, M.S., NDOCKO
NDONGUE, V.B., J. Radioanal. Nucl. Chem. 135
(1989) 1.

[H3] VENKATA RAMANIAH, K., LAKSHMI-
NARAYANA, V., VENKATA REDDY, K.
Current Sci., India 45 (1976) 473.

[H4] NETHAWAY, D.R., MISSIMER, M.C., J. Inorg.
Nucl. Chem. 30 (1968) 15.

GAMMA RAYS: MEASURED AND EVALUATED RELATIVE EMISSION PROBABILITIES

E, (keV) [1] 2] 3] [4] 5] 6] 1] Evaluated
80.6 6.67(43) — 7.04(30) 6.72(70) 7.22(8) 6.56(40) 7.02(14)
1379.4 =1 1 1 1 1 1 1
1581.8 0.206(10) 0.195(10)  0.215(10)* 0.197(7) 0.199(5) 0.197(5) 0.1994(28)
1662.4 0.129(7) 0.125(6) 0.099(5)" 0.130(5) 0.127(4)  0.130(2)° 0.126(5)

Classified as an outlier.

" Uncertainty increased slightly.

Evaluated emission probabilities are the
weighted averages calculated according to the
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limitation of relative statistical weights method; no
value has a relative weighting factor greater than 0.50.



The absolute emission probability (per disin-
tegration) of 80.6 keV y ray was determined from
the following data: 0.0655(30) [4]; 0.0625(60) [5];
0.0660(40) [7]; and 0.0655(8) [8, 9]. A value of
0.0655(8) [10, 11] has been adopted that was
combined with the relative emission probability of
the 80.6 keV transition to give a normalization
factor of 0.00933(16).

REFERENCES — RADIATIONS

[1] ARDISSON, C., et al., Nuovo Cimento 105A
(1992) 215.

[2] BURSON, S.B., Phys. Rev. 158 (1967) 1161.

[3] REICH, C.W., CLINE, JE., Phys. Rev. A159 (1970)
181.

[4] VENKATA RAMANIAH, K., LAKSHMI-
NARAYANA, V., VENKATA REDDY, K.
Current Sci., India 45 (1976) 473.

[S] ALLAB, M., AZGUI, F., ARDISSON, G., Radio-
chem. Radioanal. Lett. 30 (1977) 253.

[6] CHAND, B, GOSWAMY, J, MEHTA, D,
SINGH, N., TREHAN, PN., Nucl. Instrum.
Methods Phys. Res. A284 (1989) 393.

[7] SEKINE, T., BABA, H., J. Inorg. Nucl. Chem. 43
(1981) 1107.

[8] CALHOUN, LM, et al., Radioact. Radiochem. 2
(1991) 38.

[9] COURSEY, B.M., et al., Nucl. Instrum. Methods
Phys. Res. A339 (1994) 26.

[10] BE, M.-M., et al, Table de Radionuclides,
Comments on Evaluations, CEA Saclay, Gif-sur-
Yvette (1999).

[11] BE, M.-M,, et al., Table de Radionuclides, CEA
Saclay, Gif-sur-Yvette (1999).

Detailed tables and comments can be found in
Refs [10, 11], and on
http://www.nucleide.org/DDEP_WG/DDEPdata.htm

166mH o

Half-life evaluated by M.J. Woods (National
Physical Laboratory, UK), September 2003.

Decay scheme evaluated by E. Schonfeld
(Physikalisch-Technische Bundesanstalt, Germany),
July 1999.

Recommended data

Half-life

SELECTED GAMMA RAYS

E, (keV) P, per decay
80.5725(13) 0.1266(23)
184.4107(11) 0.725(5)
215.871(7) 0.0266(17)
259.736(10) 0.01078(10)
280.4630(23) 0.2954(25)
300.741(3) 0.0373(4)
365.768(6) 0.0246(4)
410.956(3) 0.1135(18)
451.540(4) 0.02915(14)
464.798(6) 0.0125(4)
529.825(4) 0.094(4)
570.995(5) 0.0543(20)
611.579(6) 0.0131(21)
670.526(4) 0.0534(21)
691.253(7) 0.0132(7)
711.697(3) 0.549(12)
752.280(4) 0.122(3)
810.286(4) 0.573(11)
830.565(4) 0.0972(18)
950.988(4) 0.02744(19)
SELECTED X RAYS

Origin Ey (keV) Py per decay
Er 6.15-9.43 0.201(9)
Er Ko, 48.2215(3) 0.1071(18)
Er Ka, 49.1282(4) 0.190(3)
Er KB, 55.50-56.04 0.0617(12)
Er KB, 57.21-57.46 0.0161(5)




Input data Comment: only one published half-life

measurement.
HALF-LIFE
Half-life (d) Reference REFERENCE — HALF-LIFE
4.4(7) x 10° [H1]
44(7) % 10° [H1] FALER, K.T., J. Inorg. Nucl. Chem. 27 (1965) 25.

GAMMA RAYS: MEASURED AND EVALUATED RELATIVE EMISSION PROBABILITIES

E, (keV)[1] 2] (3] 4] [5] (6] 7]
80.6 14.5(29) 14.55(47) 17.1(9) 14.48(48) 16.83(42) 16.7(10)
184.4 =100 100 100 100 100 100
215.9 3.8(4) 4.15(7) 3.6(4) 3.94(9) 3.96(8) 41(2)°
259.7 1.8(5)" 1.42(10) 1.50(11) 1.77(12)* 1.52(5) —
280.5 39.5(28) 43.6(6)" 40.7(29) 38.61(46) 39.63(126) 40.2(18)
300.7 4.8(4) 5.45(8) 5.12(37) 4.77(9) 4.92(12) 4.97(22)
365.7 2.9(3)* 3.72(8) 3.44(25) 2.93(6) 3.25(10) 3.30(11)
411.0 15.8(12) 16.8(3)" 15.8(12) 15.50(19) 14.77(30) 15.27(50)
4515 3.5(7) 4.30(9) 4.18(30) 3.48(7)* 3.84(13) 3.99(13)
464.9 2.0(4) 1.66(8) 1.68(14) 2.00(7) 1.50(8) —
529.8 10.3(10)° 13.00(42) 13.9(10) 10.16(32)° 12.36(25) 12.78(42)
570.9 6.8(7) 7.08(16) 7.86(56) 6.77(14) 7.04(14) 7.45(24)
611.6 1.4(10) 1.59(32) 1.90(15) 1.48(27) 1.67(9) -
670.6 7.0(7) 7.35(30) 7.88(56) 7.01(25) 6.98(16) 7.37(24)
691.3 1.9(4) 1.62(8) 2.09(15)? 1.85(9) 1.60(10)* 1.800(59)
711.7 72.5(60) 71.5(10) 80.2(57)* 71.65(68) 71.10(142) 74.5(25)
7523 16.1(12) 15.20(34) 17.9(13) 16.06(40) 15.98(32) 16.57(54)
810.3 76(8) 76.40(110) 85.7 61)? 76.38(82) 75.71(151) 78.1(28)
830.6 12.5(10) 12.90(32) 14.5(11) 12.07(28) 12.83(26) 13.26(44)
951.0 3.6(6) 3.16(13)" 4.15(30)° 3.50(14) 3.74(16) 3.68(12)
E, (keV) [1] (8] (9] [10] [11] [12] [13]
80.6 17.51(61) 16.56(8) 17.8(4) 16.97(13) 17.2(8) 16.59(39)
184.4 100 100 100 100 100 100
215.9 3.54(13) 4.04(4) 3.67(9) 3.60(13) 4.14(17) 3.61(13)
259.7 1.446(52) - 1.53(3) 1.52(3) 1.47(5) 1.50(5)
280.5 40.79(141) 41.26(28) 41.0(5) 40.6(5) 40.4(15) 40.9(8)
300.7 5.12(18) 5.22(4) 5.17(8) 5.11(8) 5.04(19) 5.13(10)
365.7 3.327(117) 3.30(3) 3.49(6) 3.46(6) 3.33(12) 3.44(7)
411.0 15.25(53) 15.65(10) 15.9(2) 15.5(4) 15.3(5) 15.93(28)
4515 4.02(15) 3.85(5) 4.17(5) 4.04(11) 4.00(14) 4.12(9)
464.9 1.651(61) - 1.67(3) 1.73(7) 1.59(5) 1.69(6)
529.8 13.10(45) 12.48(10) 133(2) 13.18(34) 12.83(39) 13.46(26)
570.9 7.53(27) 7.22(6) 7.65(9) 7.64(20) 7.42(24) 7.81(15)
611.6 1.951(72) — 1.86(4) 1.86(12) 1.85(7) 1.95(11)
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GAMMA RAYS: MEASURED AND EVALUATED RELATIVE EMISSION PROBABILITIES (cont.)

E, (keV) [1] (8] (9] [10] [11] [12] [13]
670.6 7.37(26) 7.28(6) 7.53(9) 7.16(20) 7.32(22) 7.60(14)
691.3 1.871(69) - 1.87(4) 1.86(9) 1.79(6) 1.84(5)
711.7 74.48(258) 72.37(39) 75.7(8) 75.33(177) 73.8(32) 76.4(14)
7523 16.57(56) 16.26(12) 17.0(2) 17.08(43) 16.5(5) 16.98(33)
810.3 78.66(273) 76.94(44) 80.1(8) 79.31(177) 78.2(26) 80.3(12)
830.6 13.34(47) 12.99(10) 13.5(2) 13.51(35) 13.3(4) 13.62(26)
951.0 3.71(14) 3.65(4) 3.89(6) 3.87(12) 3.74(12) 3.85(8)
E, (keV) [1] [14] [15] [16] [17] [18] Evaluated
80.6 17.00(22) 16.7(5) 17.6(4) 16.050(120) 17.18(15) 17.46(20)
184.4 100 100 100 100 100 100
2159 3.594(37) 3.60(9) 3.49(14) 3.447(26) 3.566(85) 3.67(24)
259.7 1.529(34) 1.507(34) 1.45(5) 1.434(25) 1.480(12) 1.487(9)
280.5 41.41(51) 41.8(9) 39.8(9) 40.634(167) 40.66(29) 40.75(21)
300.7 5.339(58) 5.29(12) 4.98(13) 5.079(39) 5.118(36) 5.15(4)
365.7 3.589(45) 3.51(9) 3.34(9) 3.439(47) 3.404(24) 3.39(4)
411.0 16.49(19) 16.02(36) 15.0(4) 15.424(74) 15.81(11) 15.65(22)
4515 4.235(60) 4.11(10) 3.89(13) 4.023(30) 4.062(42) 4.02(5)
464.9 1.729(35) 1.73(4) 1.66(7) 2.027(31) 1.665(19) 1.73(6)
529.8 13.19(15) — 12.6(4) 13.380(126) 13.33(10) 13.0(6)
570.9 7.964(91) - 7.27(23) 7.505(71) 7.71(6) 7.49(27)
611.6 2.097(26) — 1.86(11) 1.952(60) 1.911(36) 1.81(29)
670.6 7.718(84) - 6.98(22) 7.618(45) 7.56(6) 7.36(28)
691.3 1.872(40) — 1.78(9) 1.914(17) 1.862(21) 1.82(10)
711.7 77.51(62) - 72.0(19) 76.30(35) 76.3(6) 74.7(16)
7523 17.16(14) — 16.2(5) 16.973(84) 16.98(12) 16.6(4)
810.3 80.81(59) - 76.1(20) 80.52(38) 80.3(6) 79.1(14)
830.6 13.87(18) — 12.9(4) 13.639(79) 13.64(10) 13.41(23)
951.0 3.898(48) - 3.68(12) 3.789(25) 3.793(30) 3.785(21)

* Rejected as an outlier.

b 214.8 and 215.8 keV doublet.

Evaluated relative emission probabilities are
the weighted averages calculated according to the
limitation of relative statistical weights method; no
value has a relative weighting factor greater than
0.50. These weighted means are listed in the last
column of the table, except P, (81 keV) for which a
value was derived from a nuclear-level balance
calculation [19]. There is only one other transition
to the ground state that is very weak (P (786 keV)).

Absolute  emission  probabilities  were
calculated from %P, , . = 1.0 to give a normalization
factor of 0.00725(3).

REFERENCES — RADIATIONS

HELMER, R.G.,, VAN DER LEUN, C. Nucl.
Instrum. Methods Phys. Res. A450 (2000) 35.
BURSON, S.B.,, GOUDSMIT, PEA., KONIJN, J.,
Phys. Rev. 158 (1967) 1161.

GUNTHER, C., PARSIGNAULT, D.W., Phys. Rev.
153 (1967) 1297.

REICH, C.W., CLINE, JE., Nucl. Phys. A159
(1970) 181.

LAVI, N,, Nucl. Instrum. Methods 109 (1973) 265.
LINGEMAN, EW.A. DE BOER, FEWN,
MEIJER, B.J., Nucl. Instrum. Methods 118 (1974)
609.
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[7] GEHRKE, R.J.,, HELMER, R.G, GREEN-
WOOD, R.C., Nucl. Instrum. Methods 147 (1977)
405.
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(1978) 361.
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Radiat. Isot. 33 (1982) 153.
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(1988) 18.
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TAKEUCHI, N., GENKA, T, Nucl. Instrum.
Methods Phys. Res. A339 (1994) 203.

[18] MOREL,J., ETCHEVERRY, M., PLAGNARD, J,,
Appl. Radiat. Isot. 47 (1996) 529.
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Detailed tables and comments can be found in
Refs [19, 20], and on
http://www.nucleide.org/DDEP_WG/DDEPdata.htm

170TIn

Half-life evaluated by M.J. Woods (National
Physical Laboratory, UK), September 2003.

Decay scheme evaluated by V.P. Chechev and
N.K. Kuzmenko (V.G. Khlopin Radium Institute,
Russian Federation), April 2000.

Recommended data
Half-life

Ty, =1278(8) d

SELECTED GAMMA RAYS

E, (keV) P, per decay
78.59(2) 0.000034(3)
84.25474(8) 0.0248(9)

102

SELECTED X RAYS

Origin Ey (keV) Py per decay
Yb L 6.55-10.14 0.0322(13)
Yb Ka, 51.3541 0.0095(4)
Yb Ko, 52.3887 0.0167(7)
Yb KB, 59.1593-59.8045 0.0055(3)
Yb KB, 60.962-61.309 0.00144(7)
Input data

HALF-LIFE

Half-life (d) Reference
127.10(31) [H1]
128.6(3) [H2]
128(1) [H3]
134.2(8)* [H4]
125(2) [H5]
127.8(8)

a

Rejected as an outlier.

REFERENCES — HALF-LIFE

[H1] LAGOUTINE, F,, LEGRAND, J., GALLIC, Y.L.,
Int. J. Appl. Radiat. Isot. 20 (1969) 868.

[H2] REYNOLDS, S.A., EMERY, JF, WYATT, E.L,
Nucl. Sci. Eng. 32 (1968) 46.

[H3] KERRIGAN, W.J,, J. Inorg. Nucl. Chem. 29 (1967)
2657.

[H4] FLYNN, K.F,, GLENDENIN, L.E., STEINBERG,
E.P, Nucl. Sci. Eng. 22 (1965) 416.

[H5] BONNER, N.A., et al., Phys. Rev. 127 (1962) 217.

Gamma rays: Energies and measured emission
probabilities

Comments:

— Gamma ray energies of 78.59 and 84.25 keV
have been adopted from Refs [1] and [2],
respectively.

— The absolute emission probability of the
84.25keV vy ray has been obtained by
averaging the experimental data of 0.0254(6)
[3], 0.0256(4) [4] and 0.0237(4) [5].



— The absolute emission probability of the
78.59 keV y ray was obtained by averaging the
results of measurements of the ratio of
emission  probabilities: P, (78.59  keV)/
P.(84.25 keV) of 0.00122(24) [6], 0.0015(2) [7]
and 0.00140(8) [8].

X rays: measured emission probabilities

Absolute XK(Yb), XL(Yb) emission proba-
bilities have been computed using the ratio of
emission probabilities Px/P,(84.25 keV) determined
in Refs [7, 8]. Measured results of Ref. [9] for

XK(Yb) [Koy, - 1.00(2), Ka, — 1.69(4), KB,' — 0.54(2),
KB, —0.14(1)]

agree with the adopted values [10, 11].
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169Yb

Half-life evaluated by M.J. Woods (National
Physical Laboratory, UK), September 2003.

Decay scheme evaluated by M.-M. Bé
(Commissariat 1’Energie Atomique, France) and
E. Schonfeld (Physikalisch-Technische Bundes-
anstalt, Germany), March 2001.

Recommended data
Half-life
T,,=32.016(6) d

SELECTED GAMMA RAYS

E, (keV) P, per decay
63.12044(4) 0.4405(24)
93.61447(8) 0.02571(17)
109.77924(4) 0.1736(9)
118.18940(14) 0.01870(10)
130.52293(6) 0.1138(5)
177.21307(6) 0.2232(10)
197.95675(7) 0.3593(12)
261.07712(9) 0.01687(8)
307.73586(10) 0.10046(45)
SELECTED X RAYS

Origin Ey (keV) Py per decay
Tm L 6.34-9.78 0.494(8)
Tm Ko, 49.773 0.529(8)
Tm Ko, 50.742 0.935(13)
Tm KB, 57.304-57.925 0.306(6)
Tm KB, 59.100-59.357 0.0795(21)

Emission probabilities of X rays were calculated from the
data set described in Ref. [2]; they are in good agreement
with measured values.
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Input data

HALF-LIFE

Half-life (d) Reference
32.001(34) [H1]
32.0147(93) [H2]
31.88(45)" [H3]
32.032(2) [H4]
32.015(9) [H5]
32.022(8) [H6]
31.97(2) [H7]
32.016(6)

a

Rejected as an outlier.

[H1]

[H2]

[H3]
[H4]
[H5]

[H6]

REFERENCES — HALF-LIFE

DELGADO, JU, et al, Appl. Radiat. Isot. 54
(2001) 483.

UNTERWEGER, M.P, HOPPES, D.D., SCHIMA,
F.J., Nucl. Instrum. Methods Phys. Res. A312 (1992)
349.

PARKER, J.L., Nucl. Instrum. Methods Phys. Res.
A286 (1990) 502.

FUNCK, E., SCHOTZIG, U., WALZ, K.F, Int. J.
Appl. Radiat. Isot. 34 (1983) 1215.

RUTLEDGE, A.R., SMITH, L.V, MERRITT, J.S,,
Rep. AECL-6692 (1980).

HOUTERMANS, H., MILOSEVIC, O,
REICHEL, F, Int. J. Appl. Radiat. Isot. 31 (1980)
153.

LAGOUTINE, F, LEGRAND, I, BAC, C, Int. J.
Appl. Radiat. Isot. 26 (1975) 131.

GAMMA RAYS: MEASURED AND EVALUATED RELATIVE EMISSION PROBABILITIES

E, (keV) [1]

3]

(3]

(3]

(3] 3] 3]

63.12044(4) 122.7(14) 115.9(29) 123.5(31) 123(6) 121.4(39) 121.4(15)
93.61447(8) 7.12(9) 6.86(16) 7.28(21) 7.05(32) 6.87(24) 7.44(15)
109.77924(4) 47.97(42) 46.0(9) 48.8(11) 47.2(21) 46.1(16) 48.9(11)
118.18940(14) — 5.17(12) — 5.33(25) 5.15(18) 5.13(9)
130.52293(6) 31.56(25) 31.2(6) 32.4(7) 31.4(14) 31.2(10) 30.7(6)
177.21307(6) 61.92(49) 61.9(13) 62.7(16) 62.6(28) 62.2(19) 63.1(8)
197.95675(7) 100.0(7) 100.0(20) 100.0(25) 100.0(44) 100.0(30) 100.0(16)
261.07712(9) 4.643(40) 4.65(10) 4.84(12) 4.60(20) 4.70(18) 5.00(9)*
307.73757(9) 27.95(18) 27.4(6) 28.5(6) 28.1(12) 28.3(9) 29.67(46)*
E, (keV) [1] (3] (3] (4] [5] [6] [7]
63.12044(4) 123.3(8) 121.2(33) 121(3) 116(6) 124.2(24) 124.9(17)
93.61447(8) 7.195(41) 6.72(18) 6.5(3) 7.1(4) 7.22(15) 7.28(10)
109.77924(4) 48.46(31) 48.3(10) 47.4(15) 48.5(15) 48.6(9) 48.9(5)
118.18940(14) 5.205(34) — 4.94(26)* 5.31(16) 5.17(9) 5.24(5)
130.52293(6) 31.81(16) 32.4(7) 30.7(13) 32.0(10) 31.3(5) 31.68(25)
177.21307(6) 61.95(36) 62.4(13) 63(4) 62.2(19) 62.3(11) 62.4(5)
197.95675(7) 100.0(6) 100.0(21) =100 100(3) =100 100.0(8)
261.07712(9) 4.654(46) 4.73(13) 4.8(5) 4.69(14) 4.67(11) 4.75(3)
307.73757(9) 28.01(14) 28.2(6) 28.3(11) 27.5(8) 28.1(8) 27.94(20)
E, (keV)[1] [8] [9] [10] Evaluated [2]

63.12044(4) 120(3) 120(5) - 122.6(5)

93.61447(8) 7.31(13) 6.6(5) 7.01(9) 7.156(40)

109.77924(4) 49.0(7) 47.1(10) 48.80(57) 48.33(18)

118.18940(14) 5.26(8) 5.13(10) 5.18(7) 5.204(22)
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GAMMA RAYS: MEASURED AND EVALUATED RELATIVE EMISSION PROBABILITIES (cont.)

E, (keV) [1] [8] [9] Evaluated [2]
130.52293(6) 31.7(5) 31.6(10) 31.60(36) 31.67(10)
177.21307(6) 61.7(11) 62.2(10) 61.89(71) 62.13(20)
197.95675(7) =100 =100 100.00(79) 100.00(33)
261.07712(9) 4.66(7) 4.66(10) 4.695(17)
307.73757(9) 27.5(4) 27.1(10) 28.09(32) 27.96(9)

*  Omitted due to large deviation from mean.

Comments:

— Euromet exercise [3]: Arbitrary code numbers
were assigned to the participants; these data
are listed as relative values, although quoted
absolutely in the original study. Some partici-
pants have published their results elsewhere;
however, these publications have not been
quoted as independent references in this
evaluation.

— Absolute emission probability of the
197.9 keV v ray is the weighted mean of the
measured  values:  0.3626(18);  0.373(5);
0.357(6); 0.363(11); 0.359(8); 0.3549(39);
0.3606(15); 0.359(5); 0.360(5); 0.3514(28); and
0.355(4) (see also Ref. [2]).
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19211.

Half-life evaluated by M.J. Woods (National
Physical Laboratory, UK), September 2003.

Decay scheme evaluated by E. Browne
(Lawrence Berkeley National Laboratory, USA),
March 1997.

Recommended data

Half-life

T, = 73.822(9) d

SELECTED GAMMA RAYS

E, (keV)* P, per decay
205.79430(9) 0.0334(4)
295.95650(15) 0.2872(14)
308.45507(17) 0.2968(15)
316.50618(17) 0.8275(21)
468.06885(26) 0.4781(24)
484.5751(4) 0.03189(24)
588.5810(7) 0.04517(22)
604.41105(25) 0.0820(4)
612.46215(26) 0.0534(8)

* From Ref. [1].
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SELECTED X RAYS Input data

Origin Ey (keV) Py per decay HALF-LIFE

Os L 7.82-12.92 0.01525(25) Haliite (@) Referoncs
Os Ka, 61.4873(7) 0.01211(25)

Os Ko, 63.0011(6) 0.0209(5) 73.810(19) [H1]
Os KB,  71.078-71.895  0.00710(21) 73.814(17)" [H2]
Os KB,  73387-73.808  0.00180(6) 73.840)° [H2]

Pt L 9.4-13.8 0.0396(6) 73.831(8)° [H3]

Pt Ko, 65.123(4) 0.0266(5) 74.02(6)° [H4]

Pt Ko, 66.833(2) 0.0455(3) 73.82209)

Pt KB,/ 75.369-76.234 0.0158(3) * Values determined independently, but reported in the
Pt KB, 7778678341  0.00411(10) , Same publication.

Uncertainty increased to (13) to ensure a weighting
factor not greater than 0.50.
Rejected as an outlier.

REFERENCES — HALF-LIFE
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GAMMA RAYS: MEASURED AND EVALUATED RELATIVE EMISSION PROBABILITIES

E, (keV) 2] [3]° (4] (5] [6] [7]
205.79 3.86(8) 3.90(45) 4.02(6) 4.01(6) 3.982(16) 3.93(7)
295.96 34.64(35) 35.6(13) 34.54(36) 34.69(17) 34.65(14) 34.81(66)
308.46 35.77(36) 37.1(8) 36.00(36) 35.87(19) 35.89(15) 36.34(73)
316.51 100.0(10) 100.0(10) 100.0(8) 100.0(5) 100.0(4) 100.0(10)
468.07 58.0(9) 59.7(20) 57.61(48) 57.76(23) 57.8(3) 58.24(97)
484.58 3.81(5) 4.10(21) 3.86(4) 3.828(18) 3.867(22) 3.62(7)
588.58 5.52(10) 5.46(20) 5.45(5) 5.423(21) 5.48(3) 5.47(9)
604.41 10.04(26) 10.9(6) 9.89(7) 9.79(4) 10.00(6) 10.39(18)
612.46 6.55(13) 6.7(4) 6.41(5) 6.365(25) 6.54(4) 6.77(12)
E, (keV) [8] [9] [10] [11] [12] Evaluated
205.79 422(3) - 4.01(10) 3.08(6)" 4.055(22) 4.03(5)
295.96 34.94(18) — 34.7(7) 34.52(60) 34.62(16) 34.70(14)°
308.46 35.81(20) - 35.8(7) 35.77(62) 35.84(16) 35.86(15)°
316.51 100.0(5) 100.0(5) 100.0(10) 100.0(10) 100.0(4) 100.0(5)¢
468.07 58.01(41) — 57.2(12) 56.97(99) 57.76(24) 57.77(23)¢
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GAMMA RAYS: MEASURED AND EVALUATED RELATIVE EMISSION PROBABILITIES (cont.)

E, (keV) [8] [9] [10] [11] [12] Evaluated
484.58 3.92(3) — 3.77(8) 3.818(67) 3.899(27) 3.854(26)"
588.58 5.56(5) — 5.36(14) 5.395(95) 5.468(21) 5.458(21)°
604.41 10.10(9) — 9.77(23) 9.87(17) 9.949(39) 9.91(4)
612.46 6.61(6) — 6.34(16) 6.25(11) 6.488(28) 6.45(9)°

All data rejected from Ref. [3] as statistical outliers.
b

C

correlation.

Comments:

Electron capture decay occurs to excited
levels of '2Os (BFg of 0.048(1)), and B~ decay to
excited levels of "?Pt (BF of 0.952(1) (revised, Aug.
2003)).

Relative emission probabilities are the
weighted averages calculated according to the
limited relative statistical weights method. Uncer-
tainties  associated with some of these
recommended data have been increased, as
explained in the footnotes to the above table.

Absolute emission probabilities (per disinte-
gration) were determined from the sum of the
relative y ray emission probabilities (photons +
electrons) to the ground states of 1*?Os and '°Pt —
there is no direct B~ or (EC + B*) decay to the
ground states of these daughter nuclei, and
therefore this sum should equal 1.00. These decay
data and their corresponding total internal
conversion coefficients of Rosel et al. [13] were also
used to determine B~ and EC decay branches to
individual nuclear levels.

Thus, the normalization factor for the decay
scheme was calculated from the equation:

NF x [TP(316 keV) + TP(612 keV) + TP(1378 keV)
+ TP(205 keV) + TP(489 ke V)] = 1.0

where NF is the gamma ray normalization factor,
and TP(E,) = P,(1 + o) is the relative total (photon
+ electron) emission probability for a y ray of
energy E, with total internal conversion coefficient
o Hence:

N x 120.850 = 1.0,
N = 0.008275(40).

Uncertainty in NF has been quadratically
included in the uncertainties of the absolute

Uncertainty expanded by the limited relative statistical weight method.
Uncertainty set equal to or greater than the lowest value in the input data to avoid overestimation due to possible data

emission probabilities of the yrays listed in the table
of selected y rays. However, a cancellation effect
(covariance) has been considered that reduces the
contribution for those 7y rays that populate the
ground states of 1*’Pt and *Os.
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198 Au

Half-life evaluated by M.J. Woods (National

Physical Laboratory, UK), September 2003.

Decay scheme evaluated by E. Schonfeld

(Physikalisch-Technische Bundesanstalt, Germany),
July 1998.

Recommended data

Half-life

Ty, = 2.6950(7) d

SELECTED GAMMA RAYS

SELECTED X RAYS

Origin Ey (keV) Py per decay
Hg L 8.72-14.85 0.0120(5)
Hg Ka, 68.8952(12) 0.00809(8)
Hg Ka, 70.8196(12) 0.01372(12)
Hg KB, 79.82-80.76 0.00466(8)
Hg KB, 82.43-83.03 0.00136(4)
Input data

HALF-LIFE

Half-life (d) Reference
2.69573(14)* [H1]
2.68373(504)° [H2]
2.6966(7) [H3]
2.6935(4) [H4]
2.695(3) [H5]
2.6946(10) [H6]
2.696(4) [H7]
2.697(2) [HS]
2.693(5) [H9]
2.6950(7)

a

Uncertainty increased to (33) to ensure a weighting

factor not greater than 0.50.

b

Rejected as an outlier.
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GAMMA RAYS

:MEASURED AND EVALUATED RELATIVE EMISSION PROBABILITIES

E, (keV) [1] 2] (3] [4] [5] [6] [7]
411.8 =100 100 100 100 100 100
675.9 1.5 1.4(1) 1 1.3 0.842(56) 1.11(5)
1087.7 0.4 0.25(5) 02 0.25 0.170(12) 0.26(2)
E, (keV)[1] [8] [9] [10]* [11° Evaluated [12]
411.8 100 100 100 100 100
675.9 1.0 0.75 0.841(5) 0.846(11) 0.844(7)
1087.7 028 0.15 0.1664(22) 0.165(4) 0.166(3)
?  Redefined from 100.0(4) to 100.
® Redefined from 100.0(8) to 100.

Absolute  emission  probabilities  were [11] CHAND, B., GOSWAMY, J, MEHTA, D,
calculated from: SINGH, N.,, TREHAN, PN, Nucl. Instrum.

Methods Phys. Res. A284 (1989) 393.
P,..(412keV) + P, (1088 keV) - Py(1372 keV) [12] BE,M.-M, etal, Table de Radionuclides, Comments
-10 on Evaluations, CEA Saclay, Gif-sur-Yvette (1999).
[13] BE, M.-M., et al., Table de Radionuclides, CEA

Evaluated total internal conversion coeffi-
cients and Py(1372 keV) = 0.00025(5) [6] were
adopted to give a normalization factor of
0.009554(7).
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Detailed tables and comments can be found in
Refs [12, 13], and on
http://www.nucleide.org/DDEP_WG/DDEPdata.htm

3y
Half-life evaluated by M.J. Woods (National
Physical Laboratory, UK), September 2003.
Decay scheme evaluated by A.L. Nichols
(IAEA and AEA Technology, UK), January 2002.
Recommended data

Half-life

T, = 46.594(12) d

SELECTED GAMMA RAY

E, (keV) P, per decay

279.1952(10) 0.8148(8)

* From Ref. [1].

109



SELECTED X RAYS

Origin Ey (keV) Py per decay
Tl L 8.953-14.738 0.0543(9)
Tl Ka, 70.8325(8) 0.0375(4)
Tl Ka, 72.8725(8) 0.0633(6)
Tl KB, 82.118-83.115 0.0215(4)
Tl KB, 84.838-85.530 0.0064(2)
Input data

HALF-LIFE

Half-life (d) Reference
46.619(27) [H1]
46.612(19) [H2]
46.60(1) [H3]
46.582(2)" [H4]
46.76(8)° [H5]
47.00(3) [H6]
46.594(12)

® Uncertainty increased to (9) to ensure a weighting

factor not greater than 0.50.

> Rejected as an outlier.

REFERENCES — HALF-LIFE

[H1] UNTERWEGER, M.P, HOPPES, D.D., SCHIMA,
F.J., Nucl. Instrum. Methods Phys. Res. A312 (1992)
349.

[H2] WALZ, K.F., DEBERTIN, K., SCHRADER, H.,
Int. J. Appl. Radiat. Isot. 34 (1983) 1191.

[H3] RUTLEDGE, A.R., SMITH, L.V.,, MERRITT, J.S,,
Rep. AECL-6692 (1980).

[H4] HOUTERMANS, H., MILOSEVIC, 0.,
REICHEL, F, Int. J. Appl. Radiat. Isot. 31 (1980)
153.

[HS] EMERY, JF, REYNOLDS, S.A., WYATT, E.L,
GLEASON, G.I, Nucl. Sci. Eng. 48 (1972) 319.

[H6] LAGOUTINE, F,, GALLIC, Y.L., LEGRAND, J.,
Int. J. Appl. Radiat. Isot. 19 (1968) 475.

Gamma ray: Energy and emission probability
Comments:
— A recommended y ray energy of 279.1952 keV
has been adopted from Ref. [1].

— The 279.1952 keV y ray is of mixed (25%M1 +
75%E?2) multipolarity, and o, = 0.2271(12)
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and oy = 0.1640 (10) have been adopted from
Ref. [2], in good agreement with specific
measurements [3-6].

— Beta particle emission probabilities were
calculated from the limit of 0.0001(1) set on
the B transition to the %" ground state of 2Tl
[7, 8], to give 0.9999(1) for the transition to the
first excited state of 2T (5/2~ — 3/2%).

— As defined above, transition probability of
0.9999(1) for the 279.1952 keV vy ray was used
in conjunction with o, to calculate an
absolute emission probability of 0.8148(8).

X rays: Energies and emissions

Calculated using the evaluated y ray data, and
atomic data from Refs [9-11].

REFERENCES — RADIATIONS

[1] HELMER, R.G., VAN DER LEUN, C., Nucl.
Instrum. Methods Phys. Res. A450 (2000) 35.

[2] HANSEN, H.H., Eur. Appl. Res. Rep., Nucl. Sci.
Technol. 6 4 (1985) 777.

[3] TAYLOR, J.G.V., Can. J. Phys. 40 (1962) 383.

[4] HERRLANDER, CJ.,, GRAHAM, R.L., Nucl.
Phys. 58 (1964) 544.

[5] HANSEN, H.H., MOUCHEL, D., Z. Phys. 267
(1974) 371.

[6] SCHONFELD, E., JANSSEN, H., KLEIN, R.,
Appl. Radiat. Isot. 52 (2000) 955.

[7] MARTY, N,, C. R. Acad. Sci., Paris, Series B 240
(1955) 291.

[8] WOLFSON, J.L., Can. J. Phys. 34 (1956) 256.

[9] BROWNE, E., FIRESTONE, R.B., Table of Radio-
active Isotopes, Wiley, New York (1986) C-19-C-30.

[10] SCHONFELD, E., JANSSEN, H., Nucl. Instrum.
Methods Phys. Res. A369 (1996) 527.
[11] SCHONFELD, E., RODLOFF, G., Rep. 6.11-1999-1,

Physikalisch-Technische Bundesanstalt (1999).

Detailed tables and comments can be found on
http://www.nucleide.org/DDEP_WG/DDEPdata.htm

201Tl

Half-life evaluated by M.J. Woods (National
Physical Laboratory, UK), September 2003.

Decay scheme evaluated by E. Schonfeld
(Physikalisch-Technische Bundesanstalt, Germany),
May 1997.



Recommended data
Half-life

SELECTED GAMMA RAYS

E, (keV)* P, per decay
135.312(34) 0.02604(22)
167.450(30) 0.1000(10)
* From Ref. [1].

SELECTED X RAYS

Origin Ey (keV) Py per decay
Hg L 8.72-14.85 0.427(18)
Hg Ko, 68.8952(11) 0.273(5)
Hg Ko, 70.8196(12) 0.464(7)
Hg KB, 79.82-80.76 0.157(4)
Hg KB, 82.43-83.03 0.0461(13)

Input data

HALF-LIFE

Half-life (d) Reference
3.0486(30) [H1]
3.0380(18) [H2]
3.0400(28) [H3]
3.0456(15) [H4]
3.0408(14) [H5]
3.0422(17)

REFERENCES — HALF-LIFE

[H1] SCHRADER, H., Appl. Radiat. Isot. 60 (2004)
317.

[H2] DE SOUZA, K.C, et al., Appl. Radiat. Isot. 60
(2004) 307.

[H3] SIMPSON, BR.S., MEYER, B.R., Appl. Radiat.
Isot. 45 (1994) 669.

[H4] UNTERWEGER, M.P, HOPPES, D.D., SCHIMA,
FJ., Nucl. Instrum. Methods Phys. Res. A312 (1992)
349.

[H5] LAGOUTINE, F, LEGRAND, J, Int. J. Appl.
Radiat. Isot. 33 (1982) 711.

GAMMA RAYS: MEASURED AND EVALUATED RELATIVE EMISSION PROBABILITIES

E, (keV) [1] [2] [3] [4] [5] [6] [7] Evaluated [8]
135.3 26.5(13) 26.5(10) 26.4(3) 26.5(4) 27.2(5) 25.65(18) 26.04(22)
167.4 =100 100.0(17) 100.0(11) 100.0(10) 100.0(12) 100 100.0(10)
Comments: [3] NASS, H.W, J. Nucl. Med. 18 (1977) 1047.

Relative emission probabilities are the weighted
averages calculated according to the limitation of
relative statistical weights method; no value has a
relative weighting factor greater than 0.50.

The absolute emission probability for the 167
keV transition of P (167 keV) = 0.1000(10) was
adopted, as determined by Coursey et al. [7] from
absolute activity measurements.

REFERENCES — RADIATIONS

[1] RAB,S., Nucl. Data Sheets 71 (1994) 421.
[2] HOFMANN, S., WALCHER, D., Z. Phys. A272
(1975) 351.

[4] DEBERTIN, K., PESSARA, W., SCHOTZIG, U,
WALZ, K.F, Int. J. Appl. Radiat. Isot. 30 (1979)
551.

[S] FUNCK, E., Appl. Radiat. Isot. 38 (1987) 771.

[6] KAWADA, Y., HINO, Y., GATOT, W.,, Nucl.
Instrum. Meth. Phys. Res. A286 (1990) 539.

[7] COURSEY, BM,, et al., Appl. Radiat. Isot. 41
(1990) 289.

[8] BE, M.-M., et al, Table de Radionuclides,
Comments on Evaluations, CEA Saclay, Gif-sur-
Yvette (1999).

[9] BE, M.-M., et al., Table de Radionuclides, CEA
Saclay, Gif-sur-Yvette (1999).

Detailed tables and comments can be found in

Refs [8, 9] and on
http://www.nucleide.org/DDEP_WG/DDEPdata.htm
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207Bi

Half-life evaluated by M.J. Woods (National

Emission intensities of X rays were calculated

from the data set described in Ref. [14] and on

Physical Laboratory, UK), September 2003.

Decay scheme evaluated by M.-M. Bé

(Commissariat 2 I’Energie Atomique, France),

March 1998.
Recommended data
Half-life

Ty = 1.18(3) x 10*d

SELECTED GAMMA RAYS

http://www.nucleide.org/DDEP_WG/DDEPdata.htm

Input data

HALF-LIFE

Half-life (d) Reference
11523(19)* [H1]
11944(292) [H2]
12199(292) [H3]
13880(1461) [H4]

1.18(3) x 10*

E, (keV) P, per decay
569.698(2) 0.9776(3)
1063.656(3) 0.7458(49)
1770.228(9) 0.0687(3)

[H1]
SELECTED X RAYS

[H2]
Origin Ey (keV) Py per decay
Pb L 9.18-15.84 0.332(14) [H3]
Pb Ka, 72.805 0.2169(24) [H4]
Pb Ko, 74.970 0.365(4)
Pb KB, 84.451-85.470 0.1246(23)
Pb KB, 87.238- 88.003 0.0376(10)

® Uncertainty increased to (210) to ensure a weighting
factor not greater than 0.50.

REFERENCES — HALF-LIFE

UNTERWEGER, M.P, HOPPES, D.D., SCHIMA,
FJ., Nucl. Instrum. Methods Phys. Res. A312 (1992)
349.

LIN, W.-J., HARBOTTLE, G., J. Radioanal. Nucl.
Chem. Lett. 153 (1991) 51.

YANOKURA, M., et al., Nucl. Phys. A299 (1978)
92.

RUPNIK, T., Phys. Rev. C6 (1972) 1433.

GAMMA RAYS: MEASURED AND EVALUATED RELATIVE EMISSION PROBABILITIES

E, (keV) [1] 2] (3] 4] [5] [6] 7]

569.7 =100 100 100 100 100 100
1063.7 78.4(24) 74.0(20) 78.7(40) 75.6(5) 77.70(45) 75.5(23)
1770.2 7.07(35) — 7.5(4) — — 6.95(20)

E, (keV) [1] 8] [9] [10] [11] [12] Evaluated [13]
569.7 100 100 100 100 100 100
1063.7 75.79(25) 76.5(5) 76.584(367) 76.4(5) 77.7(14) 76.29(50)
1770.2 7.026(29) — 7.023(68) — 7.11(13) 7.028(26)

a

Rejected as outlier.

Comments:

— Evaluated emission probabilities are the
weighted averages calculated according to the

112

limitation of relative statistical weights
method; no value has a relative weighting
factor greater than 0.50.



— Absolute  emission  probabilities  were
calculated from X(P,,.) = 1.0 to the ground
state level, giving a normalization factor of
0.009776(3).

— Internal conversion coefficients have been
deduced from experimental values [13, 14].

REFERENCES — RADIATIONS

[1] HELMER, R.G., VAN DER LEUN, C., Nucl.
Instrum. Methods Phys. Res. A450 (2000) 35.

[2] DONNELLY, D.P, BAER, HW. REIDY, lJ,
WIEDENBECK, M.L., Nucl. Instrum. Methods 57
(1967) 219.

[3] HEDIN, G., A. BACKLIN, Arkiv Fys. 38 (1969)
593.

[4] RAO, PV, WOOD, R.E., PALMS, JM., FINK,
R.W., Phys. Rev. 178 (1969) 1997.

[5] ROBINSON, D.C., FREEMAN, JM., Nucl. Phys.
A181 (1972) 645.

[6] WILLETT, JB., EMERY, G.T., Ann. Phys. 78
(1973) 496.

[7] JARDINE, L.J.,, Phys. Rev. C11 (1975) 1385.

[8] YOSHIKAWA, Y., et al., Nucl. Instrum. Methods
174 (1980) 109.

[9] DEBERTIN, K., SCHOTZIG, U., Rep. GS/55,
IAEA, Vienna (1989).

[10] SCHIMA, FEJ.,, Rep. GS/59, IAEA, Vienna (1989).

1] HELMER, R.G., Appl. Radiat. Isot. 41 (1990) 791.

[12] LIN, W.-J., HARBOTTLE, G, J. Radioanal. Nucl.
Chem. Lett. 153 (1991) 51.

[13] BE, M.-M., et al., Table de Radionuclides, Comments
on Evaluations, CEA Saclay, Gif-sur-Yvette (1999).

[14] BE, M.-M., et al., Table de Radionuclides, CEA
Saclay, Gif-sur-Yvette (1999).

Detailed tables and comments can be found in
Refs [13, 14], and on
http://www.nucleide.org/DDEP_WG/DDEPdata.htm

226Ra with daughters

Half-life evaluated by M.J. Woods (National
Physical Laboratory, UK), September 2003.

Decay scheme evaluated by R.G. Helmer
(Idaho National Laboratory, USA), August 2002.

Recommended data

Half-life (***Ra)

Ty, = 5.862(22) x 10° d

SELECTED GAMMA RAYS (ONLY yRAYS
WITH EMISSION PROBABILITIES GREATER

THAN 0.010 ARE INCLUDED.)

Parent E (keV) P per decay
214pp 53.2275(21)* 0.01066(14)
26Ra 186.211(13)° 0.03533(28)
214pp 241.997(3)* 0.0719(6)

214ph 295.224(2)° 0.1828(14)
214pp 351.932(2)* 0.3534(27)
214B; 609.316(3)" 0.4516(33)
it 065.453(22)* 0.01521(11)
214B; 768.367(11)° 0.04850(38)
it 806.185(11)° 0.01255(11)
214B; 934.061(12)* 0.03074(25)
214Bj 1120.287(10)* 0.1478(11)
214B; 1155.19(2)" 0.01624(14)
214Bj 1238.110(12)* 0.05785(45)
214B; 1280.96(2)" 0.01425(12)
214Bj 1377.669(12)* 0.03954(33)
214B; 1401.516(14)° 0.01324(11)
it 1407.993(7)° 0.02369(19)
214B; 1509.217(8)" 0.02108(21)
it 1661.316(13)° 0.01037(10)
214B; 1729.640(12)° 0.02817(23)
214Bj 1764.539(15)° 0.1517(12)
214B; 1847.420(25)° 0.02000(18)
it 2118.536(8)° 0.01148(11)
214B; 2204.071(21)° 0.0489(10)
it 2447.673(10)° 0.01536(15)

* From Ref. [1].
® From Ref. [2].
¢ From Ref. [3].
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Input data REFERENCES — HALF-LIFE

HALF-LIFE [H1] RAMTHUN, H., Nukleonik 8 (1966) 244.
[H2] MARTIN, G.R., TUCK, D.G., Int. J. Appl. Radiat.
Half-life (d) Reference Isot. 5 (1959) 141.
584035(853)" [HI1] [H3] SEBAOUN, W., Ann. Phys., Paris 1 (1956) 680.
[H4] KOHMAN, T.P, AMES, D.P, SEDLET, J., Nat.
585131(3204) (H2] Nucl. Energy Series 14 (1949) 1675.
590609(4135) [H3]
592436(4749) [H4]

5.862(22) x 10°

®  Uncertainty increased to (2250) to ensure a weighting

factor not greater than 0.50.

GAMMA RAYS: MEASURED AND EVALUATED RELATIVE EMISSION PROBABILITIES

Ey (keV) [4] [5] [6]* [7] [8] [3] Evaluated
532 — — — — 2.329(23) 2.384(20) 2.360(27)
186.21 8.7(11) 9.2(10) 8.58(5) 7.6(8) 7.812(31) 7.85(5) 7.824(26)
241.99 17.5(17) 16.1(24) 16.23(10) 16.1(10) 15.90(5) 15.98(6) 15.93(4)
295.22 40(4) 42(5) 41.85(26) 40.8(12) 40.36(12) 40.61(13) 40.48(9)
351.93 86(9) 82(11) 81.5(5) 78.5(24) 78.16(23) 78.34(23) 78.25(16)
609.32 =100 100 100 100 100 100 100
665.45 3.6(4) 3.36(37) 3.51(20) 3.33(10) 3.359(17) 3.386(21) 3.369(13)
768.37 11.4(12) 11.9(17) 10.91(8) 10.39(31) 10.66(5) 10.768(29)  10.740(29)
806.18 3.0(4) 2.92(43) 2.90(22) 2.76(11) 2.788(22) 2.777(14) 2.780(12)
934.06 7.3(7) 7.0(9) 6.88(5) 6.70(20) 6.783(34) 6.834(36) 6.806(25)
1120.29 34(3) — 33.13(22) 32.3(10) 32.71(10) 32.77(12) 32.73(8)
1155.19 4.0(5) — 3.5(4) 43(7) 3.594(36) 3.595(17) 3.595(15)
1238.11 14.9(15) — 12.87(9) 12.7(4) 12.83(6) 12.80(4) 12.810(33)
1280.96 3.6(5) - 3.17(17) 3.15(11) 3.147(28) 3.159(16) 3.156(14)
1377.67 9.9(11) — 8.82(25) 8.52(25) 8.69(4) 8.794(30) 8.755(35)
1401.52 3.5(4) — 2.91(16) 3.0(4) 2.924(20) 2.934(13) 2.932(11)
1407.99 6.2(7) — 5.37(6) 5.5(5) 5.233(26) 5.250(19) 5.245(15)
1509.22 55(5) - 4.76(5) 4.63(15) 4.61(6) 4.682(31) 4.668(31)
1661.32 2.72(25) — 2.33(12) 2.37(22) 2.271(34) 2.299(14) 2.296(14)
1729.64 7.5(7) - 6.60(4) 6.33(15) 6.226(31) 6.245(32) 6.238(25)
1764.54 40(4) — 34.48(25) 33.3(10) 33.54(10) 33.63(9) 33.59(7)
1847.42 5.3(5) - 4.57(6) 435(13) 4.448(36) 4.419(28) 4.429(25)
2118.54 3.03(29) — 2.56(3) 2.65(25) 2.536(20) 2.548(21) 2.543(15)
2204.07 12.38(27) — 11.02(9) 11.1(3) 10.74(5) 10.75(9) 10.83(20)
2447.67 4.0(4) — 3.42(3) 3.30(10) 3.402(24) 3.409(36) 3.402(21)

*  Data rejected as outliers.
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Evaluated emission probabilities are the
weighted averages calculated according to the
limitation of relative statistical weights method, and
using the data from Refs [3-5, 7, 8]; no value has a
relative weighting factor greater than 0.50.

Absolute emission probabilities for specific
yrays have been measured by several authors [9-13].
Generally, the uncertainties in the relative emission
probabilities from these authors have larger uncer-
tainties than those for the relative values in the
above table. Therefore, the above relative emission
probabilities have been normalized simply by use of
P.(609 keV) = 0.4516(33) from the average of the
values from Refs [9-13].

REFERENCES — RADIATIONS

[1] AKOVALL Y.A., Nucl. Data Sheets 75 (1995) 127,
ibid, 77 (1996) 271.

[2] HELMER, R.G, GEHRKE, R.J, GREEN-
WOOD, R.C., Nucl. Instrum. Methods 166 (1970)
547.

[3] MOLNAR, G.L., Chemical Research Centre,
Budapest, Hungary, private communication, 2002;
MOLNAR, G.L., REVAY, Zs., BELGYA, T., “New
intensities for high energy gamma ray standard”,
Capture Gamma Ray Spectroscopy and Related
Topics (Proc. 11th Int. Symp. Pruhonice, Czech
Republic, 2002) (KVASIL, J, CEJNAR, P,
KRTICKA, M., Eds), World Scientific, Singapore
(2003) 522-530.

[4] HACHEM, A., C. R. Acad. Sci., Paris, Ser. B 281
(1975) 45.

[5] AKCAY, H., MOUZE, G., MAILLARD, D,
YTHIER, Ch., Radiochem. Radioanal. Lett. 51
(1982) 1.

[6] MOUZE, G., YTHIER, Ch., COMANDUCCI,
JF, Rev. Roum. Phys. 35 (1990) 337.

[7] SARDARI, D., MacMAHON, T.D., J. Radioanal.
Nucl. Chem. 244 (2000) 463.

[8] DELGADO, J.U., MOREL, J, ETCHEVERRY,
M., Appl. Radiat. Isot. 56 (2002) 137.

[9] LINGEMAN, E'W.A., KONIJN, J, POLAK, P,
WAPSTRA, A.H., Nucl. Phys. A133 (1969) 630.

[10] OLSON, D.G., Nucl. Instrum. Methods Phys. Res.
206 (1983) 313.

[11] SCHOTZIG, U, DEBERTIN, K., Int. J. Appl.
Radiat. Isot. 34 (1983) 533.

[12] LIN, W.-J., HARBOTTLE, G, J. Radioanal. Nucl.
Chem. 153 (1991) 137.

[13] MOREL, J., ETCHEVERRY, M., PICOLO, J.L.,
Appl. Radiat. Isot. 49 (1998) 1387.

Detailed tables and comments can be found on
http://www.nucleide.org/DDEP_WG/DDEPdata.htm

22Th with daughters

Half-life evaluated by M.J. Woods (National
Physical Laboratory, UK), September 2003.

Decay scheme evaluated by A.L. Nichols
(IAEA and AEA Technology, UK), January 2004.
Recommended data
Half-life (*3Th)

T,, = 698.60(23) d

SELECTED GAMMA RAYS

From Ref. [5].

Per ?2Th decay; equilibrium assumed, with two decay
modes for 2'?Bi (a. and B7), and o branching fraction of
0.3593(7).

Parent E (keV) P per decay’
28 84.373(3)° 0.0117(5)
212py, 115.183(5)° 0.00623(22)
257y 131.612(4)* 0.00124(6)
28 215.985(4)" 0.00226(20)
20py, 238.632(2)° 0.436(3)
24Ra 240.986(6)¢ 0.0412(4)
20871 277.37(3)¢ 0.0237(11)
22py, 300.09(1)" 0.0318(13)
20Rp 549.76(4)° 0.00115(15)
208 583.187(2)° 0.3055(17)
20p; 727.33(1)" 0.0674(12)
2g; 785.37(9)" 0.0111(1)
2087 860.56(3)" 0.0448(4)
20p; 1620.74(1)° 0.0151(3)
2087 2614.511(10)° 0.3585(7)
? From Ref. 1]

® From Ref. [2]

¢ From Ref. [3].

4" From Ref. [4]

.
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SELECTED X RAYS

Origin Ey (keV)? Py, per decay®
Ra LI 10.622 0.00166(9)
Ra Lo 12.196-12.339 0.0286(15)
Ra LBy 13.662-15.447 0.047(3)
Ra Ly 17.848-18.412 0.0102(6)
Bi L 9.420-15.709 0.145(4)
Bi Ko, 74.8157(9) 0.107(3)
Bi Ko,  77.1088(10) 0.179(5)
Bi KB, 86.835-87.862 0.0612(20)
Bi KB,  89.732-90.522 0.0187(7)
Pb L 9.184-15.216 0.0104(2)°
Pb Ko, 72.8049(8) 0.0077(2)°
Pb Ko, 74.9700(9) 0.0130(3)°
Pb KB,  84.451-85.470 0.0044(2)°
Pb KB, 87.238-88.003 0.00134(5)°
Tl LI 8.953 0.00169(9)
Tl La 10.172-10.268 0.0326(17)
TI LBn  10.994-12.643 0.0272(15)
Tl Ly 14.291-14.738 0.0050(2)

* From Refs [6-8].

Per **Th decay, assuming equilibrium.

¢ Corrected for a *'*Bi o branching fraction of 0.3593(7)
in order to express per 2°Th decay after calculating per
208T] decay (see 2'?Bi below).

Input data

HALF-LIFE

Half-life (d) Reference
698.60(36) [H1]
698.77(32) [H2]
697.8(7) [H3]

698.60(23)

REFERENCES — HALF-LIFE

[H1] UNTERWEGER, M.P, HOPPES, D.D., SCHIMA,
F.J., Nucl. Instrum. Methods Phys. Res. A312 (1992)
349.

[H2] JORDAN, K.C., OTTO, G.W. RATAY, R.P,
J. Inorg. Nucl. Chem. 33 (1971) 1215.

[H3] KIRBY, H.W., GROVE, G.R., TIMMA, D.L., Phys.
Rev. 102 (1956) 1140.

GAMMA RAYS: MEASURED AND EVALUATED RELATIVE EMISSION PROBABILITIES

E (keV) [97? [1o]° [11] Evaluated
8437 100(5) 100(5) 100.0(16) 100.0(16)
131.61 10.25(50) 8.9(10) 10.70(15) 10.6(2)
215.99 19.8(11) 15.8(11) 20.78(25) 19.3(15)

* Converted from absolute emission probability data (absolute P (84.37 keV) = 0.0121(6)).
® Converted from probability data published relative to P,(238.63 keV) for *?Pb of 0.430(20).

Comments:

— The normalization factor (NF) was calculated
for the y ray emission probabilities by
averaging the values determined by three
different routes to give a recommended value
of 0.000117(5).

— A comprehensive decay scheme was
evaluated and constructed (9 o particles and
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14 y rays); weighted mean values were
adopted when judged appropriate (as above),
while other emission probabilities were
derived from the proposed decay scheme.

Further detailed tables and comments
(including o particle data) can be found on
http://www.nucleide.org/DDEP_WG/DDEPdata.htm



2241{a

GAMMA RAY: MEASURED AND EVALUATED ABSOLUTE EMISSION PROBABILITY

E, (keV) [12] [13] [10] [14] [15]
240.99 0.0395(13) 0.039(7) 0.039(2) 0.0404(17) 0.0405(9)
E, (keV) [16] [11] [17] Evaluated

240.99 0.0405(9) 0.0417(4) 0.0411(12) 0.0412(4)°

“  Converted from probability data published relative to P (2614.51 keV) for ***TI of 1.00.
b Weighted mean value of 0.0412(3); uncertainty adjusted to lowest measured value of +0.0004 to give 0.0412(4).

Comments: the 240.99 keV y ray and measurements of the
direct o particle emission probability to the
— Alpha particle emission probabilities to the ground state of *°Rn.
first excited states of ’Rn have been directly — The y ray data were judged to be more
measured [12, 16, 18, 19], and these data can reliable, and therefore Py(240.986 keV) of
be used to calculate the o particle emission 0.0412(4) was recommended. This problem
probability directly to the ground state of cannot be resolved on the basis of the known
?2Rn. A weighted mean value of 0.9500(4) can measurements, and further spectroscopic
be determined for P (5685.50 keV) to the measurements are required to resolve the
ground state, and a value of 0.0501(4) for discrepancies between the a particle and y ray
P_(5448.81 keV) to the first excited state. data.
—If P_(5685.50 ke V) of 0.9500(4) is adopted, the
y ray NF = 0.00947(8) and P (240.99 keV) is Further detailed tables and comments
0.0390(3). (including o particle data) can be found on
— Thus, a discrepancy arises between measure- http://www.nucleide.org/DDEP_WG/DDEPdata.htm

ments of the absolute emission probability of

220Rn

GAMMA RAY: MEASURED AND EVALUATED ABSOLUTE EMISSION PROBABILITY

E, (keV) [13]? [91° [11] Evaluated

549.76 0.00104(32) 0.000991(83) 0.00130(3) 0.00115(15)

Converted from probability data published relative to P,(2614.51 keV) for **T1 of 1.00.
® Converted from absolute emission probability in measurements that include P (240.99 keV) for 224Ra of 0.0395.

Further detailed tables and comments (including a particle data) can be found on
http://www.nucleide.org/DDEP_WG/DDEPdata.htm
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212Pb

GAMMA RAYS: MEASURED AND EVALUATED RELATIVE EMISSION PROBABILITIES

E, (keV) [20] [21] [13]° [22]° [10]°
115.18 [observed] 1.4(3) 1.3(3) 1.4(1) 1.65(12)
238.63 =100 =100 =100 100(3) 100(5)
300.09 7.7(4) 6.9(4) 7.7(15) 6.3(2) 6.7(5)
E, (keV) [14]¢ [15]¢ [11]¢ [17]¢ Evaluated
115.18 — — 137(2) — 1.43(5)
238.63 100(3) 100(1) 100(1) 100(2) 100(1)
300.09 7.5(2) 7.3(1) 7.6(1) 7.6(3) 7.3(3)
*  Converted from probability data published relative to P (2614.51 keV) for ***TI of 1.00.

" Converted from probability data published relative to P.(583.19 keV) for **Tl of 0.85.

¢ Converted from probability data published relative to P,(238.63 keV) of *'*Pb specified as 0.430(20).

4" Converted from absolute emission probabilities.

Converted from probability data published relative to P.(583.19 keV) for **T1 of 1.000(6).

A weighted mean normalization factor of probabilities from the measurements of Refs [10,
0.00436(3) was calculated for the y ray emission 11, 14,15, 17]:

238.63 keV GAMMA RAY: MEASURED AND EVALUATED ABSOLUTE EMISSION PROBABILITY

E, (keV) [10] [14] [15] [11] [17] Evaluated
238.63 0.430(20) 0.435(12) 0.440(6) 0.433(4) 0.441(10) 0.436(3)

A comprehensive decay scheme was Further detailed tables and comments can be
evaluated and constructed (6 y rays and 3 found on
particles). http://www.nucleide.org/DDEP_WG/DDEPdata.htm
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212Bi

GAMMA RAYS: MEASURED AND EVALUATED ABSOLUTE EMISSION PROBABILITIES

Converted from probability data published relative to P.(583.19 keV) for **T1 of 1.000(6).
Uncertainty increased to ensure a weighting factor not greater than 0.50.
Unresolved overlap with another y ray emission, and therefore not included in the weighted mean analysis.

E, (keV) [23]° [24]" [25]° [26]¢ [13]¢ [22]°
72733 0.0711(45) 00785 0.076(15) _ 0.063(6) 0.076(3)
785.37 0.0109(17) ' _ _ 0.010(2) 0.0117(6)
1620.74 0.0180(13) 0.0157(5) 0.019(4) 0.0174(18) 0.014(1) .

E, (keV) [101* [14]2 [15]¢ [11] [17]# Evaluated
727.33 0.070(4) 0.0656(15)  0.0700(18) 0.0662(4)’ 0.0693(18)] 0.0674(12)
785.37 0.0102(7) 0.0107(5) _ 0.0111(1) 0.0105(5) 0.0111(1)
1620.74 _ 0.0138(8) — 0.0149(3)’ 0.0144(9) 0.0151(3)
4 Converted from probability data expressed in terms of 2'?Bi B~ decay mode only.

> Converted from probability data expressed in terms of (727.33 + 785.37) keV y rays of >'?Bi.

¢ Converted from probability data expressed in terms of *'*Po o decay.

¢ Converted from probability data published relative to P,(2614.51 keV) for ***TI of 1.00.

¢ Converted from probability data published relative to P.(583.19 keV) for **Tl of 0.85.

' Converted from probability data published relative to P,(238.63 keV) of *'*Pb specified as 0.430(20).

¢ Published as absolute emission probabilities.

h

Comments: The o branching fraction was calculated as the
weighted mean of the measurements of Refs [23-25,
’2Bi undergoes o decay to *®Tl (BF, = 27], with the uncertainty increased to include the
0.3593(7)) and B~ decay to *'’Po (BFj, = 0.6407(7)). most precise value of 0.3600(3).
[23] [24] [25] [27] Evaluated
BF, 0.3596(6) 0.3581(4) 0.36(1) 0.3600(3)" 0.3593(7)

* Uncertainty increased slightly to ensure a weighting factor not greater than 0.50.

A comprehensive decay scheme was Further detailed tables and comments can be
evaluated and constructed (8 o particles, 3 long found on
range o particles, 7 B~ particles and 23 y rays). http://www.nucleide.org/DDEP_WG/DDEPdata.htm
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ZOSTl

GAMMA RAYS: MEASURED AND EVALUATED RELATIVE EMISSION PROBABILITIES

E, (keV) 28] 23] [29-1]° [29-2]° [30]° 31] 32]
277.37 6.9(8) 8.61 . 7.2(7) . 6.5(4) 6.9(5)
583.19 86.4(56) 85.1(40) 81(5)] 84(5) 85.7(18) 86(4) 85(4)
860.56 11.4(12) 142(6)! 15.3(20)) 152(15)) — 12.08) 13(1)
2614.51 =100 [100] =100 =100 100(2) =100 =100
E, (keV) [13] 33] [34] 35]° [22] [10]¢ [14]°
27737 6.6(13) 6.2(7) 6.8(3) — 6.1(2) 6.8(3) 6.5(2)
583.19 85.0(85) 86.0(4) 86(3) 84.4(11) 85 85.2(3)F 85.8(22)
860.56 11.8(12) 11.5(10) 12.0(4) 12.48(13) 13.9(6)] 11.9(6) 12.8(3)
2614.51 =100 [100] =100 100.0(14) [100] _ 100(3)
E, (keV) [15]F [11]# [17] [36]" Evaluated

277.37 6.3(1) 6.34(5) 7.4(2) 7.01(12) 6.6(3)

583.19 [85.2(3)]% 84.0(5) [852(3)] 88(3) 852(3)

860.56 — 12.41(8) 12.5(4) 12.8(7) 12.5(1)

2614.51 _ 100(2) _ 100.0(13) 100(2)

* Two sets of measurements reported in Ref. [29]: single spectra [29-1]; coincidence spectra [29-2].

" Converted from average values of measured probability data published relative to P (583.19 keV) for ***TI of 1.00.

¢ Converted from probability data published relative to P.(583.19 keV) for **TI of 1.00.

¢ Converted from probability data published relative to P,(583.19 keV) for ***TI of 0.300(14).

o = = 3 oga h

Converted from absolute emission probabilities; unresolved overlap between specific emissions (involving 277.37 and
583.19 keV v rays) that was only corrected in the case of the 583.19 keV transition.

Converted from probability data published relative to P.(583.19 keV) for **T1 of 0.308(6).

Converted from probability data published relative to P, (583.19 keV) for 2Tl of 1.000(6).

Converted from absolute emission probabilities. '

No quoted uncertainty; not included in weighted mean analysis.

Rejected as an outlier.

Measurements did not include the 2614.51 keV v ray; therefore a relative emission probability of 85.2(3) was used for the
583.19 keV y ray to convert other data in this study to comparable relative values — under these circumstances, P, (583.19 keV)
was not included in the weighted mean analysis.

Unresolved overlap with another y ray emission, and measurement did not include the 2614.51 keV y ray; therefore, a relative
emission probability of 85.2(3) was used for the 583.19 keV y ray to convert other data in this study to comparable relative values
— under these circumstances, P,(277.37 keV) and P (583.19 keV) were not included in the weighted mean analyses.

Comments: 0.009979(1), and o branching fraction of ?’Bi
to 2®T1 of 0.3593(7).

—NF of 0.009979(1) was calculated for the — A comprehensive decay scheme was
relative emission probabilities of the gamma evaluated and constructed (17 3~ particles and
rays, assuming no direct - decay to the 29 vy rays); weighted mean values adopted
ground state of *Pb: transition probability when judged appropriate (as above), while
P, (2614.51 keV) = 1.00; 0,,(2614.51 keV E3 other emission probabilities were derived
y transition) = 0.00210(6) interpolated from from the proposed decay scheme.
the tables of Ref [37]; NF = 1.00/[(1 + —510.7 keV y ray occurs in the decay of **TI,
0.00210(6)) Py‘el(2614.51 keV)]=0.009979(1). with P (510.7 keV) of 0.0810(7) per 28Th

—P, per 28Th decay were calculated from decay; however, this transition has not been
relative P, values as evaluated above, NF of included in the selected set of recommended

120



yrays because of the extremely close
proximity of this emission to any annihilation
radiation (511 keV).

Further detailed tables and comments can be

found on
http://www.nucleide.org/DDEP_WG/DDEPdata.htm
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Half-life evaluated by M.J. Woods (National

Physical Laboratory, UK), September 2003.

Decay scheme evaluated by A.L. Nichols

(IAEA and AEA Technology, UK), August 2002.

121



Recommended data

Half-life

Ty, = 0.000805(11) d

SELECTED GAMMA RAYS

E, (keV) P, per decay
258.24(7)* 0.000726(9)
742.814(22)° 0.00096(3)
766.358(20)° 0.00318(5)
786.272(22)° 0.00054(1)
1001.025(22)° 0.00832(10)

Input data

HALF-LIFE

Half-life (d) Reference
0.0008215(257) [H1]
0.0007917(69) [H2]
0.000868(69) [H3]
0.0008160(21)* [H4]
0.000805(11)

a

factor not greater than 0.50.

Uncertainty increased to (67) to ensure a weighting

* Derived from Ref. [1].
® From Ref. [2].

REFERENCES — HALF-LIFE

[H1] SAEKI, M., KIMURA, K., ISHIMORI, T., Rep. [H3] HOK, OP, VERSCHOOR, ITh., BORN, P,
JAERI-1178 (1969) 25. Physica XXII (1956) 465.

[H2] BJORNHOLM, S., NIELSEN, O.B., Nucl. Phys. 42 [H4] BARENDREGT, F,, TOM, S., Physica X VII (1951)
(1963) 642. 817.

GAMMA RAYS: MEASURED AND EVALUATED RELATIVE EMISSION PROBAOBILITIES

E, (keV) 3] [4] 5] (6] [7]
258.24(7)* 7(2) 8.8(2) 9.7(4) 3.6(2)° —
742.814(22)° 13(2) 11.5(2) 9.6(4) 5.4(2)¢ 11.6(7)
766.358(20)° 37(7) 37.8(4) 35.1(14) 40.009) 39.9(8)
786.272(22)° 5(1) 6.6(1) 5.8(2) 7.2(3) 6.6(5)
1001.025(22)° 100 100(1) 100 100 100.0(9)
E, (keV) [8] [9] [10] [11] Evaluated
258.24(7)* 8.70(4) 8.6(6) — 9.1(2) 8.73(4)
742.814(22)° 11.28(8)¢ 10.4(5) — 12.7(2) 11.5(3)
766.358(20)° 38.4(2)° 37.6(11) 36(1) — 38.2(4)
786.272(22)° 6.60(6)" 5.9(4) — — 6.5(1)
1001.025(22)° 100.0(6) 100(2) 100 (100) 100.0(4)
* Derived from the energies of the relevant nuclear levels of Ref. [1].

® From Ref. [2].

¢ Rejected as an outlier.

¢ Uncertainty increased from 0.08 to 0.13 by the evaluator.

: Uncertainty increased from 0.2 to 0.3 by the evaluator.

Uncertainty increased from 0.06 to 0.08 by the evaluator.
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Comments:

24mpa undergoes both isomeric transition and
beta decay. However, the nuclear level energy of
24mpa is poorly defined (second excited state, with
spin and parity of (0-)), and Q;; can only be
estimated as 78.9(20) keV. Studies to quantify the
two branching fractions are sparse, and are based on
the measurements of BF,; in Refs [12-15]: BF,; of
0.0016(2) was adopted as the weighted mean of five
measurements, with the uncertainty set marginally
above the smallest uncertainty of the values used to
calculate the average. BF;; of 0.9984(2) was simply
calculated from the value adopted for BF,.

BRANCHING FRACTIONS

Reference BF,; BF,

[12] 0.00150(15) —

[13] 0.0018(2) —

[14] 0.0013(3) —

[15] 0.0015(5) —

[15] 0.0019(6) —
Recommended 0.0016 £0.0002  0.9984 £ 0.0002

Two gamma transitions with energies of 5(2)
and 73.92(2) keV are attributed to the IT-decay
mode. The 5 keV gamma transition has not been
observed, and the energy was estimated from the
proposed decay scheme and an assumed energy
limit of detection of ~7 keV (i.e. (5§ = 2) keV).

Nine measurements of the absolute emission
probability of the 1001.025 keV y ray have been
considered in the derivation of a recommended
value for the normalization factor [4, 6-10, 16-18].
After detailed assessments of the data, the uncer-
tainties assigned originally to the emission probabil-
ities of Refs [4, 7, 8] were increased by 2% to bring
them in line with the other studies and ensure the
inclusion of systematic uncertainties in these
particular measurements. Three of the measure-
ments are significantly higher than the other six
studies (values greater than 0.00900): 0.00920 [6];
0.00910 [10]; and 0.00924 [18]. The absolute
emission probability reported in Ref. [6] was not
included in the weighted mean analysis because the
study did not include any quantification of the
uncertainty, while the equivalent measurements of
Pyabs(1001.025 keV) in Refs [10, 18] were also set
aside because of their large deviations from the
other studies. The remaining six data sets were used
to determine an absolute emission probability for
the 1001.025 keV 7yray, and hence the normalization
factor [4, 7-9, 16, 17]. All LWEIGHT analyses are
listed in the table below. The decision was taken to
adopt an  absolute emission  probability
Pyabs(1001.025 keV) of 0.00832(10), and therefore a
normalization  factor and  uncertainty of
0.0000832(10), with y¥*(N-1) of 0.35. While the
more disparate data have been discarded as noted
above, there is a sufficient number of such measure-
ments above 0.00900 to recommend further studies
of Pyabs(1001.025 keV) to confirm the recommended
value of 0.00832(10) per decay, a key parameter in
the decay scheme of 2*™Pa.
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ABSOLUTE EMISSION PROBABILITY OF THE 1001.025 keV GAMMA RAY

Reference p s Quoted AP, Recommended AP, ** yY(N-1)
[4] 0.00828 0.00008 0.00025* —
[6] 0.00920 — 0.00020° —
[7] 0.00834 0.00007 0.00024°¢ —
[8] 0.00839 0.00005 0.00023¢ —

[16] 0.00818 0.00030 0.00030 —

[17] 0.00788 0.00043 0.00043 —
[9] 0.00845 0.00021 0.00021 —

[10] 0.00910 0.00025¢ 0.00025¢ —

[18] 0.00924 0.00017 0.00017 —

Evaluated® 0.00840 0.00008 — 5.33

0.00872 — 0.00016 4.22

0.00872 — 0.00052f 4.22
[4] 0.00828 0.00008 0.00025* —
[7] 0.00834 0.00007 0.00024°¢ —
[8] 0.00839 0.00005 0.00023¢ —

[16] 0.00818 0.00030 0.00030 —

[17] 0.00788 0.00043 0.00043 —
[9] 0.00845 0.00021 0.00021 —

Evaluated® 0.00835 0.00004 - 0.63

0.00832 — 0.00010 0.35

uncertainty to give an overall uncertainty of 0.00025.

- o o o =2
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241Am
Half-life evaluated by M.J. Woods (National
Physical Laboratory, UK), September 2003.
Decay scheme evaluated by V.P. Chechev and
N.K. Kuzmenko (V.G. Khlopin Radium Institute,
Russian Federation), October 2002.
Recommended data

Half-life

T,, = 1.5785(23) x 10° d

SELECTED GAMMA RAYS

E, P, per decay
26.3446(2) 0.0240(3)
33.1963(3) 0.00121(3)
59.5409(1) 0.3578(9)
SELECTED X RAYS

Origin Ey (keV) Py per decay
Np L1 11.89(2) 0.00848(10)
Np Lo 13.90(2) 0.1303(10)
Np Lpn 17.81(2) 0.1886(15)
Np Ly 20.82(2) 0.0481(4)
Input data

HALF-LIFE

Half-life (d) Reference
157788(73)? [H1]
155706(767) [H2]
158080(566) [H3]
158153(2557) [H4]
159468(1096) [H5]
158044(256) [H6]

1.5785(23) x 10°

a

Uncertainty increased to (220) to ensure a weighting
factor not greater than 0.50.

REFERENCES — HALF-LIFE

[H1] RAMTHUN, H., MULLER, W., Int. J. Appl.
Radiat. Isot. 26 (1975) 589.

[H2] JOVE, J., ROBERT, R., Radiochem. Radioanal.
Lett. 10 (1972) 139.

[H3] POLYUKHOV, V.G, TIMOFEEV, G.A., PRI-
VALOVA, PA., BAKLANOVA, PFE, Sov. J. At.
Energy 36 (1972) 402.

[H4] BROWN, L.C, PROPST, R.C., J. Inorg. Nucl
Chem. 30 (1968) 2591.

[H5] STONE, R.E., HULET, E.K., J. Inorg. Nucl. Chem.
30 (1968) 2003.

[H6] OETTING, FL., GRUM, S., J. Inorg. Nucl. Chem.
29 (1967) 2659.

Gamma rays: Energies and absolute emission
probabilities

26.345 and 59.541 keV y ray energies were
adopted from Ref. [1], while the 33.196 keV vy ray
energy has been calculated from the difference
between the 26.345 and 59.541 keV 1y transition
energies.

Absolute y ray emission probabilities have
been adopted from the detailed analysis of Johnston
[2] undertaken to determine the optimum values of
the low energy photons in the decay of *'Am
(including XL rays). The decay scheme balance for
the lower levels of »’Np is better in Ref. [2] than
other previous attempts.
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XL RAYS: MEASURED AND EVALUATED ABSOLUTE EMISSION PROBABILITIES

Ex (keV) 3] 4] 5] [6] 7]
11.89 0.0081(7) 0.0087(6) 0.0086(2) — 0.00806(40)
13.90 0.126(9) 0.135(12) 0.1320(25) - 0.132(7)
17.81 0.191(14) 0.191(14) 0.1925(40) 0.1946(16) 0.192(10)
20.82 0.0475(35) 0.0475(35) 0.0485(15) - 0.0494(25)
Ey (keV) [8] [9] [10] [11] Evaluated
11.89 0.0087(3) 0.0083(3) 0.00837(10) 0.00864(12) 0.00848(10)
13.90 0.132(3) 0.127(4) 0.1301(10) 0.1303(13) 0.1303(10)
17.81 0.1978(36) 0.183(6) 0.1861(15) 0.1839(19) 0.1886(15)
20.82 0.0496(20) 0.048(2) 0.04815(38) 0.0474(8) 0.0481 (4)
REFERENCES — RADIATIONS Recommended data
(1] HELMER, R.G., VAN DER LEUN, C., Nucl. Half-life
Instrum. Methods Phys. Res. A450 (2000) 35.
[2] JOHNSTON, PN., Nucl. Instrum. Methods Phys. T, = 2.692(8) x 10° d
Res. A369 (1996) 107.
[3] GEHRKE, R.J., LOKKEN, R.A., Nucl. Instrum.
Methods 97 (1971) 219. SELECTED GAMMA RAYS
[4] WATSON, R.L., LI, TK., Nucl. Phys. A178 (1971)
201. E, (keV) P, per decay
[S] CAMPBELL, JL., McNELLES, L.A. Nucl
Instrum. Methods 117 (1974) 519. 43.53(2) 0.0589(10)
[6] GALLAGHER, W.., CIPOLLA, SJ, Nucl 74.66(2) 0.672(12)
Instrum. Methods 122 (1974) 405.
[7] GUNNINK, R., EVANS, JE., PRINDLE, A.L,
Rep. UCRL-52139 (1976).
[8] COHEN, D.D., Nucl. Instrum. Methods 178 (1980) SELECTED X RAYS
481.
[9] COHEN, D.D., Nucl. Instrum. Methods Phys. Res. Origin Ex (keV) Py per decay
A267 (1988) 492.

[10] BLAND, CJ., MOREL, J, ETCHEVERRY, E., Np LI 11871 0.00445(14)
LEPY, M.C,, Nucl. Instrum. Methods Phys. Res. Np La 13.761-13.946 0.0705(20)
A312 (1992) 323. Np Ln 15.861 0.00126(4)

[11] LEPY, M.C., DUCHEMIN, B., MOREL, J., Nucl. Np LB 16.109-17.992 0.0818(16)
Instrum. Methods Phys. Res. A353 (1994) 10. Np Ly 2078421 491 0.0197(4)
Detailed tables and comments can be found on

http://www.nucleide.org/DDEP_WG/DDEPdata.htm

Input data
M3Am HALF-LIFE
Half-life evaluated by M.J. Woods (National Half-life (d) Reference

Physical Laboratory, UK), September 2003. 2687510(15341) [H1]
Decay scheme evaluated by E. Browne 2695545(12419) [H2]

(Lawrence Berkeley National Laboratory, USA) 2691893(14610) [H3]

and R.G. Helmer (Idaho National Laboratory,
USA), September 2004.
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2.692(8) x 10°




REFERENCES — HALF-LIFE [H2] POLYUKHOV, V.G, et al., Sov. J. At. Energy 37
(1974) 1103.
[H1] AGGARWAL, SK., PARAB, AR., JAIN, H.C, [H3] BROWN, L.C., PROPST, R.C, J. Inorg. Nucl
Phys. Rev. C22 (1980) 767. Chem. 30 (1968) 2591.

GAMMA RAYS: EVALUATED ENERGIES, AND MEASURED AND EVALUATED ABSOLUTE
EMISSION PROBABILITIES

E, (keV)* (6] [31° [7] (8] 9] (10]
43.53(2) 0.04(1) 0.053 0.05(1) 0.055(3) - 0.053(12)
74.66(2) 0.69(3) 0.61 — 0.66(3) 0.59(4) 0.60(4)
E, (keV)* [2] [11] [12] [5] Evaluated

43.53(2) 0.0620(30) 0.0604(13) 0.0593(10) 0.0572(17) 0.0589(10)

74.66(2) 0.680(20) 0.685(15) 0.667(12) 0.684(13) 0.672(12)

Weighted average of values from Refs [1, 2], complemented with data from Refs [3-5].

 Uncertainties of at least 10%; not included in weighted mean analysis.

Comments: [S] SARDARI, D., MacMAHON, T.D., HOLLOWAY,
S.P, Nucl. Instrum. Methods Phys. Res. A369
Recommended absolute emission probabil- (1996) 486.

[6] ASARO, F., STEPHENS, FS., HOLLANDER,
JM., PERLMAN, L., Phys. Rev. 117 (1960) 492.

[7] ALEKSANDROV, BM., GRIGOREV, OlI,

SHIMANSKAYA, N.S., Sov. J. Nucl. Phys. 10

(1970) 8.

ities are weighted averages of data from Refs [2, 5—
12]. A comprehensive decay scheme was evaluated
and constructed from the published o particle and
yray decay data, including the derivation of

absolute y ray transition probabilities from the [8] AHMAD, I, WAHLGREN, M., Nucl. Instrum.
evaluated emission probabilities, theoretical Methods 99 (1972) 333.
internal conversion coefficients of Rosel et al. [13], [9] STAROZHUKOV, DI, POPOV, YS. PRI-
and the multipolarities specified in Ref. [14]. VALOVA, PA., Sov. At. Energy 42 (1977) 355.
[10] POPOV, Y.S, et al., Sov. At. Energy 46 (1979) 123.
Detailed tables and comments can be found on [11] VANINBROUKX, R, BORTELS, G,
http://www.nucleide.org/DDEP_WG/DDEPdata.htm DENECKE, B, Int. J. Appl. Radiat. Isot. 35 (1984)
1081.

[12] WOODS, S.A., et al., Nucl. Instrum. Methods Phys.
Res. A369 (1996) 472.

[13] ROSEL, F, FRIES, H.M., ALDER, K., PAULI,
H.C., At. Data Nucl. Data Tables 21 (1978) 92.

[14] BROWNE, E., Nucl. Data Sheets 98 (2003) 665.

X rays: Energies and emission probabilities

X ray energies are taken from Ref. [15].
Emission probabilities are the evaluators’ values

calculated u.smg the.EMISSION program, Version [15] BROWNE, E., FIRESTONE, R.B., Table of Radio-
3.04 [16], with atomic .da.ta from Re.:f.. _[17], and the active Tsotopes, John Wiley & Sons, New York
recommended ray emission probabilities. (1986) C-19-C-30.
[16] SCHONFELD, E., JANSSEN, H., The Program
REFERENCES — RADIATIONS EMISSION - (Version 3.04) — A Computer
Program for Calculating Emission Probabilities of
[1] PATE,J.C,etal., Z. Phys. A272 (1975) 169. X rays and Auger Electrons Emitted in Nuclear
[2] AHMAD, I., Nucl. Instrum. Methods Phys. Res. DisinEegration Processes (2002).
193 (1982) 9. [17] SCHONFELD, E., JANSSEN, H., Nucl. Instrum.
[3] VAN HISE, JR., ENGELKEMEIR, D., Phys. Rev. Methods Phys. Res. A369 (1996) 527.
171 (1968) 1325.
[4] ENGELKEMEIR, D., Phys. Rev. 181 (1969) 1675. Further detailed tables and comments can be
found on

http://www.nucleide.org/DDEP_WG/DDEPdata.htm
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Annex IIT

GAMMA RAY STANDARDS FOR DETECTOR EFFICIENCY CALIBRATION
AT HIGH ENERGIES

B. Marianski, A. Marcinkowski

The Andrzej Soltan Institute for Nuclear Studies, Poland

I1I-1. DETECTOR EFFICIENCY
CALIBRATION AT HIGH ENERGIES

A precise determination of the efficiency of a
germanium detector up to about 2.7 MeV may be
achieved with either a **Na or **Th source, or to
3.6 MeV with a %Co source. A description is given
in this annex of some sources of radiation that can
be used to extend the efficiency calibration beyond
10 MeV. Except for one radioactive nuclide (**Ga)
these sources of radiation are based on specific
nuclear reactions. While other reactions can also be
used, only thermal neutron capture, proton capture
and proton inelastic scattering reactions are
considered in this assessment. Thus, such calibra-
tions can be extended up to 11 MeV by means of
neutron capture vy rays, as described in Ref. [I11-1].

Although different types of calibration source
may involve specific difficulties or limitations, some
general problems can be noted. One problem is the
source—detector geometry: if an absolute efficiency
curve is determined from spectra of one type of
reaction and used for spectra from another type of
reaction or from radioactive decay, care must be
taken to maintain the same source—detector
geometry (i.e. source distance, size and y ray
attenuation must be the same, or appropriate
corrections have to be made). This may prove to be
a difficult task if the reaction has a low cross-section
requiring a large target, high projectile current, or
long irradiation time.

[11-2. HIGH ENERGY GAMMA RAYS

Some general comments are required
concerning the high energy yray data. These data
have generally been of lower accuracy than the data
that describe the decay of radioactive nuclides. The
main reason for this difference is that they have
normally been obtained in experiments without
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metrological goals in mind. Most of these data were
taken from a single reference and had not been
subject to detailed evaluation. Furthermore, when a
number of data sets were available they were often
of variable quality that compromised evaluation
efforts. However, the quality of such data has
improved in recent years, and some significant
advances have been made since IAEA-TECDOC-
619 was published in 1991 [111-2].

I1-3. *°Ga

%Ga is the only radionuclide that has been
applied in the energy region above 3600 keV. This
nuclide has a half-life of 9.3 hours and can be
produced by ®*Cu(e, n), ®Zn(p, n) and *Zn(e, 2n)
reactions. Using new Cl(n, y) data as calibration
standards (see Section II1-4.2), new relative
intensities have been determined for 21 vy rays
emitted by “Ga to good accuracy [II1-3, I11-4].
These new data are in good agreement with ENSDF
data [III-5] and the set of data from Raman et al.
[III-6], as well as with the data obtained at the
Lawrence Berkeley National Laboratory [I11-4] by
calibrating their HPGe detector with absolute
sources of %Co, ¥’Cs and *C(**Pu) [y rays of
energy 6.12863 MeV from the decay of '°O]. Both
the evaluated relative intensities and absolute
emission probabilities of the main y rays from the
decay of ®Ga are listed in Table III-1 [III-7]. All
the uncertainties shown in the various tables follow
the notation given by 0.15862(44), which represents
0.15862 + 0.00044.

II1-4. THERMAL NEUTRON CAPTURE
REACTIONS

Neutron capture reactions at thermal energies
have proved to be useful tools in the efficiency


http://www-nds.iaea.org/exfor/
http://www-nds.iaea.org/exfor/
http://www-nds.iaea.org/exfor/

TABLE III-1. ABSOLUTE EMISSION PROBA.-
BILITIES PER DECAY AND RELATIVE
PROBABILITIES OF 21 y RAYS FROM THE
DECAY OF %Ga [I11-7]

E, (keV) P‘yia Pi/Pi030kev
686.080(6) 0.00252(22) 0.00681(20)
833.5324(21) 0.059(5) 0.1595(6)
1039.220(3) 0.37(3) 1.000(3)
1333.112(5) 0.0117(9) 0.03162(13)
1418.754(5) 0.0061(5) 0.01649(8)
1508.158(7) 0.0055(4) 0.01486(7)
1898.823(8) 0.0039(3) 0.01054(8)
1918.329(5) 0.0199(16) 0.05378(23)
2189.616(6) 0.053(4) 0.1432(6)
2422.525(7) 0.0188(15) 0.05081(24)
2751.835(5) 0.227(18) 0.6135(26)
3228.800(6) 0.0151(12) 0.04081(22)
3380.850(6) 0.0146(12) 0.03946(23)
3422.040(8) 0.0086(7) 0.02324(16)
3432.309(7) 0.00288(24) 0.00778(10)
3766.850(9) 0.00149(13) 0.00403(15)
3791.004(8) 0.0109(9) 0.02946(24)
4085.853(9) 0.0127(10) 0.03432(20)
4295.187(10) 0.038(3) 0.1027(8)
4461.202(9) 0.0084(7) 0.0227(3)
4806.007(9) 0.0186(15) 0.0503(3)

* Uncertainties of P, are relative to the uncertainty of

P 71039keV*

calibration of high energy y ray detectors. Gamma
ray emission probabilities (P,) from these sources
are usually known to an accuracy suitable for that
purpose (e.g. Ref. [II1I-2]). Care is needed to
maintain the source-detector geometry between
measurements, especially if the efficiency curve
from the capture reaction is to be used for
radioactive sources. Furthermore, the two sources
may be difficult to match if the neutron beam does
not irradiate the target uniformly. Therefore, the
safest approach would be to accept the absolute
efficiencies from radioactive sources and extend the
efficiency curve towards high energies by normali-
zation of the relative efficiencies obtained from
nuclear reactions in the region of overlap.

TABLE III-2. TOTAL NEUTRON CAPTURE
CROSS-SECTION AT THERMAL ENERGY

Reaction oc (b) Ref.
“N(n, PPN 0.0803(6) [1T1-8]
3Cl(n, p*°Cl 43.60(46) [111-9]
®Ti(n, ¥ Ti 8.5(2) [IT1-10]
32Cr(n, y)¥Cr 0.86(3) [111-11]
53Cr(n, pCr 18.6(6) [111-12]

The emission probability of a y ray is related
to the total capture cross-section o

r

_ Y _
0, =0t (ITI-1)

at thermal energy I' = I', = XI;, with the ¥ rays
being the primary y transitions from the capturing
state. The relationship

0, =0cP,

, . (I11-2)

also holds for the secondary y rays of known
emission probability P,;. The total neutron capture
cross-sections for the target nuclei of interest have
been brought together in Table III-2. Both the
“N(n, p)N [II1-8, I1I-13] and *Cl(n, y)*ClI [I1I-6,
II1-14 to I11-16] reactions are of particular interest
since the y ray intensities were measured with
metrological goals in mind.

II-4.1. “N(n, )N reaction

Data from the “N(n, "N reaction in
Refs [I11-8, IT1I-13] are of even quality (see Table 111
in Ref. [II1-8]), and therefore the evaluated vy ray
intensities were obtained as weighted averages in
which no adopted uncertainty was deemed to be
lower than the lowest measured uncertainty. In
Table I1I-3, unweighted mean values are listed as
UWM, while the recommended least squares
weighted mean data are denoted by LWM. There
are only two y rays ranging from 1885 to 8310 keV
that have emission probabilities P,; (per neutron
capture) known to an accuracy better than 1%,
while the uncertainties in the emission probabilities
of the two highest energy y rays of 9149 and
10829 keV amount to 4.1% and 1.5%, respectively.
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TABLE 1II-3. EVALUATED THERMAL NEUTRON CAPTURE CROSS-SECTIONS (o,) FOR
SELECTED ¥ RAYS FROM THE "“N(n, 7)'°’N REACTION, AND CORRESPONDING ¥ RAY EMISSION
PROBABILITIES P,(abs) PER NEUTRON CAPTURE AS EVALUATED ON THE BASIS OF DATA

FROM REFS [III-8, 111-13]

P (abs)
E, (keV) o,; (mb)
[TI1-13] [ITI-8] UWM LWM recommended

1678.293(25) 0.0723(18) 0.0796(9)* 0.076(4) 0.076(4) 6.1(3)
1681.228(50) 0.0154(15) 0.0164(4) 0.0159(5) 0.0163(4) 1.31(3)
1884.780(18) 0.1866(25) 0.1877(20) 0.1872(20) 0.1873(20) 15.04(20)
1999.679(27) 0.0399(9) 0.0411(5) 0.0405(6) 0.0408(5) 3.28(5)
2520.443(22) 0.0579(7) 0.0558(9) 0.0569(11) 0.0571(10) 4.59(8)
2830.805(36) 0.0173(3) 0.0171(4) 0.0172(3) 0.0172(3) 1.38(3)
3531.982(20) 0.0924(9) 0.0894(11) 0.0909(15) 0.0912(15) 7.32(13)
3677.737(17) 0.1489(15) 0.1452(16) 0.1471(19) 0.1472(19) 11.82(18)
4508.783(14) 0.1654(17) 0.1671(17) 0.1663(17) 0.1663(17) 13.35(17)
5269.162(17) 0.3003(20) 0.2986(30) 0.2995(20) 0.2998(20) 24.07(24)
5297.826(20) 0.2131(18) 0.2123(22) 0.2127(18) 0.2128(18) 17.08(19)
5533.391(18) 0.1975(21) 0.1958(21) 0.1967(21) 0.1967(21) 15.80(21)
5562.059(21) 0.1065(12) 0.1068(12) 0.1067(12) 0.1067(12) 8.57(12)
6322.433(16) 0.1867(14) 0.1823(22) 0.1845(22) 0.1854(20) 14.89(20)
7298.980(32) 0.0973(9) 0.0939(12) 0.0956(17) 0.0961(16) 7.72(14)
8310.156(39) 0.0422(5) 0.0412(9) 0.0417(5) 0.0420(5) 3.37(5)
9148.95(9) 0.0148(6) 0.0148(6) 0.0148(6) 0.0148(6) 1.19(5)
10829.110(59) 0.1365(21) 0.143(6) 0.1398(33) 0.1372(21) 11.02(19)

a

The thermal neutron capture cross-sections o, in
Table I11-3 were calculated from Eq. (I1I-2), with
oc taken from Table ITI-2.

I11-4.2. *Cl(n, 9)**Cl reaction

Table III-4 lists the ¥ ray emission cross-
sections (o,) for the 3Cl(n, 7Cl reaction
calculated according to Eq. (III-2), with the
evaluated emission probabilities P, (per neutron
capture) given in the seventh column. The uncer-
tainties in the emission probabilities P,; from the
3Cl(n, )*Cl reaction measured in Ref. [I11-14]
include the systematic contributions. As many as 21
of the 24 y ray emission probabilities in this
reference have uncertainties lower than 3%, and
the data of Molnér et al. [III-15] and Raman et al.
[III-6] are even more precise. On the other hand,
data sets in Refs [I1I-17 to I1I-21] have much larger
uncertainties and were disregarded in deriving the
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Uncertainty adjusted to (18) based on the chi-squared test.

weighted mean emission probabilities. While
Refs [I1I-6, I11-14 to III-16] quote their vy ray
emission probabilities on an absolute scale, such
measurements are made on a relative basis.
Therefore, prior to analysis all of these data sets
were converted to values relative to the preferred
1951.1 keV y ray. The resulting data are listed in
Table III-4: the sixth column contains the least
squares weighted mean values of the relative
emission probabilities from Refs [III-6, I1I-14 to
III-16] for which no adopted uncertainty was
deemed to be lower than the lowest measured
uncertainty. Krusche et al. have studied the *Cl(n,
#)*°Cl reaction in considerable detail [II1-21] and
placed 326 y transitions in the **Cl decay scheme out
of almost 400 emissions observed. These assigned
transitions contain 99% of the y ray flux of the
reaction, and those populating the ground state can
be defined with confidence to sum to 1.00 (100%) in
deriving an accurate NF of 0.001935(8). This value



has been used in conjunction with the relative y ray
emission probabilities to calculate the absolute
y ray emission probabilities listed in column 7 of
Table I11-4.

The ratios of emission probabilities P,/P,; are
usually more accurate than the absolute values of

P,;. Such relative emission probabilities of the y rays

from the ¥Cl(n, 7)**Cl reaction were measured by
Molnér et al. [III-15, I1I-22]; the authors claim an
accuracy better than 1%. The ratios of the emission
probabilities for 36 y rays relative to the 1164.9 keV
y ray are shown in Table III-5, in which the values of
20 of these ratios were determined to an accuracy of
better than 1.0%. Please note that the P,; data listed

TABLE II-4. THERMAL NEUTRON CAPTURE CROSS-SECTIONS (o,) FOR SELECTED ¥ RAYS
FROM THE *Cl(n, »*Cl REACTION, AND CORRESPONDING EVALUATED y% RAY EMISSION
PROBABILITIES P, (abs) PER NEUTRON CAPTURE AS EVALUATED FROM REFS [II1-6, 11I-14 TO

I11-16]
P(rel)?
E, (keV) LWM P, (abs) o, (b)
" [111-14] [111-16] [111-6] [111-15] recommended " "
517.07006(23)  125.32(722) — 117.82(248)  119.83(78) 119.71(78) 0.2316(18)  10.10(13)
786.2970(4) 54.25(180) — 51.49(149) 54.03(47) 53.83(51) 0.1042(11) 4.54(7)
788.4230(4) 84.17(186) — 81.19(198) 85.63(78) 84.9(10) 0.1643(18) 7.16(11)
1131.244(12) 9.86(29) — — 9.90(5) 9.90(5) 0.0192(1) 0.837(10)
1164.8579(5) 140.28(371) — 134.65(248)  140.86(62) 140.5(10) 0.2719(17)  11.85(15)
1601.068(17) 17.97(46) — 19.01(30) 19.13(11) 19.06(18) 0.0369(4) 1.61(2)
1951.1278(14) 100(3) 100(3) 100(2) 100.0(6) 100.0(6) 0.1935(12) 8.44(10)
1959.343(8) 64.78(144) 67.16(200) 64.36(149) 64.76(47) 64.84(47) 0.1255(10) 5.51(7)
2676.31(3) 8.11(20) 7.91(25) — 8.42(6) 8.37(10) 0.0162(2) 0.706(11)
2863.82(3) 29.76(57) 32.64(70) 27.92(45) 28.74(16)° 29.09(76) 0.0563(14) 2.45(7)
2975.25(4) 5.39(13) 5.92(15) — 5.95(7)¢ 5.78(18) 0.0112(4) 0.488(18)
3061.83(4) 18.16(34) 18.21(40) 17.08(30) 17.81(11) 17.79(16) 0.0344(3) 1.500(21)
4440.38(5) 5.40(12) 5.50(13) — 5.95(6)¢ 5.70(25) 0.0110(5) 0.480(22)
4979.72(5) 18.65(50) 18.61(40) — 19.47(16) 19.29(24) 0.0373(5) 1.63(3)
5517.21(6) 8.71(22) 8.46(20) — 8.84(7) 8.79(8) 0.0170(2) 0.741(12)
5715.20(6) 27.39(77) 27.61(55) 26.39(50) 28.74(26)° 27.88(86) 0.0539(17) 2.35(8)
5902.69(6) 5.69(16) — — 5.87(7) 5.84(7) 0.0113(1) 0.493(7)
6110.80(6) 106.14(335)  101.00(199)  102.97(198)  104.22(94) 103.66(94) 0.2006(20) 8.75(13)
6619.57(7) 40.38(83) 40.45(95) 37.57(74) 39.98(36) 39.71(53) 0.0768(11) 3.35(6)
6627.78(7) 24.19(57) 24.63(65) 21.98(45) 23.17(26)" 23.20(49) 0.0449(10) 1.96(5)
6977.79(7) 11.81(33) 11.24(25) 11.09(25) 11.71(16) 11.50(16) 0.0223(3) 0.972(17)
7413.92(8) 54.25(124) 51.24(109) 49.50(124) 52.00(73) 51.80(80) 0.1002(16) 4.37(8)
7790.28(8) 42.86(98) 41.04(95) 40.84(109) 42.01(52) 41.83(52) 0.0809(11) 3.53(6)
8578.53(9) 14.13(29) 13.73(35) 13.51(35) 13.95(21) 13.89(21) 0.0269(4) 1.173(21)
* Relative to the 1951.1 keV vy ray.
> Uncertainty adjusted to (32) based on the chi-squared test.
¢ Uncertainty adjusted to (10) based on the chi-squared test.
¢ Uncertainty adjusted to (9) based on the chi-squared test.
; Uncertainty adjusted to (33) based on the chi-squared test.

Uncertainty adjusted to (31) based on the chi-squared test.

131



TABLE III-5. EMISSION PROBABILITIES OF
y RAYS FROM THERMAL NEUTRON
CAPTURE BY *Cl RELATIVE TO THE
11649 keV v RAY, AS DETERMINED FROM
REFS [1II-15, 111-22]

E; (keV) PP 116skev
292.175(5) 0.01001(12)
436.220(5) 0.0347(3)
517.07006(23) 0.851(7)
632.434(7) 0.01249(19)
786.2970(4) 0.384(4)
788.4230(4) 0.608(6)
936.915(10) 0.01933(17)

1131.244(12) 0.0703(5)

1164.8579(5) 1.000(6)

1327.400(14) 0.0451(3)

1601.068(17) 0.1358(10)

1951.1278(14) 0.710(5)

1959.343(8) 0.460(4)

2034.63(2) 0.0268(5)

2676.31(3) 0.0598(5)

2845.49(3) 0.0392(3)

2863.82(3) 0.2040(14)

2975.25(4) 0.0422(5)

3015.94(4) 0.0368(3)

3061.83(4) 0.1265(10)

3116.02(8) 0.0334(3)

3428.83(4) 0.0305(3)

3981.06(5) 0.0372(8)

4082.70(6) 0.0295(6)

4440.38(5) 0.0422(4)

4979.72(5) 0.1382(13)

5517.21(6) 0.0628(6)

5715.20(6) 0.2040(21)

5902.69(6) 0.0417(5)

6110.80(6) 0.740(7)

6619.57(7) 0.284(3)

6627.78(7) 0.1644(20)

6977.79(7) 0.0831(12)

7413.92(8) 0.369(5)

7790.28(8) 0.298(4)

8578.53(9) 0.0990(15)
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in Table I11-4 are the average emission probabilities
of the measured values from four laboratories,
while the P,/P, 5.y ratios in Table III-5 originate
from one set of measurements only; furthermore,
the two sets of relative emission probabilities are
quoted relative to different y ray emissions. Ratios
of emission probabilities for pairs of cascading
y rays were calculated from the data in Table 1114
(see Section I11-4.5 and Table I11-9). Both the y ray
energies and their uncertainties in Tables 1114 and
I11-5 were taken from Molnar et al. [I11-23], who
adapted the data of Krusche et al. [III-21] and
Kessler et al. [111-24].

I11-4.3. %849Tj(n, )**'Ti reactions

The **Ti (n, 9)*Ti reaction may also be useful
with y rays at energies of 6418, 6556 and 6760 keV,
and emission probabilities that can be related to the
probabilities of the accompanying low energy y rays
of 342, 1382 and 1586 keV, respectively. Measured
y ray yields of Ref. [III-25] have been normalized
to a Q value of 8.14243 MeV, and a resulting NF of
1.0084 was adopted in determining the data listed in
Table I1I-6 from Ref. [III-26]. As shown in this
table, the emission probabilities of the higher
intensity y rays have been determined to a statistical
accuracy of better than 3%, although a systematic
uncertainty of 5% was attributed to the data of
Ref. [III-25].

TABLE 1II-6. EVALUATED THERMAL
NEUTRON CAPTURE CROSS-SECTIONS (a;,)
FOR SELECTED % FROM THE “Ti(n, 7)*Ti
REACTION AND CORRESPONDING y% RAY
EMISSION  PROBABILITIES  ((P,) PER
NEUTRON CAPTURE) FROM REF. [I11-26]

E,; (keV) a; (b) P,
341.69(3) 2.13(5) 0.250(2)
1381.72(3) 7.33(25) 0.862(21)
1498.63(3) 0.419(15) 0.0493(13)
1585.95(3) 0.88(3) 0.1029(30)
1761.96(3) 0.459(17) 0.0540(16)
4881.32(5) 0.387(10) 0.0455(5)
6418.38(7) 2.62(7) 0.308(3)
6555.83(7) 0.436(11) 0.0513(5)
6760.06(7) 3.97(10) 0.467(4)




TABLE III-7. EMISSION PROBABILITIES OF
y RAYS FROM THERMAL NEUTRON
CAPTURE IN NATURAL  TITANIUM
RELATIVE TO THE 1381.7 keV y RAY [III-22]

E, (keV) Target Pyi/ P, 3okev
137.46(3) 48Ty 0.01218(10)
341.69(3) BTj 0.3786(14)
983.50(4) T 0.02275(19)

1381.72(3) BTj 1.000(4)

1498.63(3) 48Ty 0.0570(3)

1553.79(4) “Tj 0.01882(23)

1585.95(3) 48Ty 0.1178(6)

1761.96(3) BTj 0.0600(4)

1793.47(3) 48Ty 0.02928(24)

2943.12(4) BT 0.01221(13)

3026.76(4) 48Ty 0.02674(24)

3475.62(4) BTj 0.01950(18)

3733.75(5) 48Ty 0.01612(18)

3920.44(5) BTj 0.01629(18)

4881.32(5) BT 0.0559(5)

4966.74(5) BTj 0.0365(4)

6418.38(7) 48Ty 0.343(3)

6555.83(7) BTj 0.0574(7)

6760.06(7) BTq 0.518(5)

The relative emission probabilities of the
y rays from thermal neutron capture in a natural
titanium target are listed in Table I11-7, as reported
in Ref. [III-22]. Ratios of these probabilities for
pairs of cascading y rays have also been calculated
(see Section III-4.5 and Table III-9). Gamma ray
energies in Tables I1I-6 and III-7 are taken from
Ref. [III-23]. Please note that the sets of P, data
listed in Tables I11-6 and III-7 originate from two
different laboratories, and therefore these two data
listings are not fully consistent with each other.

I1-4.4. 55253Cr(n, 7)3453%Cr reactions

S233Cr(n, 9)>*¥Cr reactions were considered in
Ref. [III-2] because of the possible use of the
associated y rays with relatively high energies of
7099, 7375, 7939, 8883 and 9718 keV. The relative
emission probabilities of the strong y rays from
thermal neutron capture in natural chromium are
given in Table III-8, as reported by Belgya and

TABLE III-8. EMISSION PROBABILITIES OF
y RAYS FROM THERMAL NEUTRON
CAPTURE BY NATURAL CHROMIUM
RELATIVE TO THE 835 keV y RAY [I11-27]

E, (keV) Target Pyi/P835ch
564.35(6) 2Cr 0.0819(4)
749.32(6) OCr 0.4137(17)
835.03(6) SCr 1.000(4)
1150.06(5) OCr 0.01525(11)
1784.69(5) SCr 0.1284(6)
1899.25(5) OCr 0.0619(4)
2239.16(5) SCr 0.1354(7)
2321.09(5) 32Cr 0.0968(5)
2376.84(5) S0Cr 0.02588(13)
2670.20(5) 2Cr 0.02006(12)
3616.88(8) 2Cr 0.01886(11)
3719.77(6) 3Cr 0.04674(24)
4322.43(8) 2Cr 0.02096(12)
5268.92(12) 32Cr 0.0333(3)
5618.13(11) 2Cr 0.0949(8)
5998.63(11) 3Cr 0.0569(5)
6135.39(13) S0Cr 0.0466(10)
6644.47(14) 3Cr 0.1229(11)
7098.84(19) SCr 0.0963(9)
7361.99(17) OCr 0.0643(6)
7374.68(17) 32Cr 0.0557(5)
7938.65(18) 2Cr 0.294(3)
8511.55(20) OCr 0.1555(21)
8882.88(22) SCr 0.562(7)
9717.5(3) 3Cr 0.200(3)

Molnér [I11-27]. Most of the emission probabilities
are determined to an accuracy of better than 2%,
while the y ray energies are taken from Ref. [I11-23].

I1I-4.5. Ratios of cascading y rays

The level schemes in nuclear reactions often
result in the ratio of the emission probabilities of
two 7y rays emitted in cascade being determined
more accurately than the relative intensities of the
full spectrum of y rays. Ideally, the ratio of the
emission probabilities should be 1.00, which arises
when the two vy rays populate and depopulate a
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common level, no other y rays populate or
depopulate this level, and there is no significant
internal conversion or internal pair production for
either y ray. These ratios are useful for detector
efficiency calibration if one of the y rays occurs in
an energy region for which the efficiency is already
known, so that the efficiency can be computed at
the second energy. Some y ray emission probability
ratios have been collected in Table III-9, as
deduced from the reaction data given in the
preceding tables. While the adoption of these data
for calibration purposes depends on the availability
of a thermal neutron source, the usefulness of any
particular reaction has also to be assessed from the
reaction cross-section, a suitable sample selection,
and the lack of any interference from background
y rays (including the occurrence of the same
reaction outside the target).

IT1I-5. RESONANCE PROTON
CAPTURE REACTIONS

The proton capture reaction has frequently
been used as a source of y rays for the calibration of
germanium detectors. Proton capture has the
advantage that simple 7y ray spectra are often
produced when the proton energy is chosen to
coincide with a single resonance. The thermal
neutron capture cross-section (o.) has to be
replaced by the proton capture cross-section (oy) at

the resonance energy (E;) in order to specify
Eqgs (III-1) and (I1I-2) for a resonance:

ol @en T,
Kom @s,+D@I+1)1?

(I11-3)

The resulting radiative capture cross-section at the
resonance energy is given by the equation:

A @iy LT

o, =2 (111-4)
Yom (25, + D)@l +1) T?

The cross-section for the emission of a specific ¥ ray
is expressed via the emission probability P,;:

o,.=0_P,. (I1I-5)

Using the measured resonance strengths S, =
(2J+DI,I)T and the resonance widths I' from
Refs [III-28, III-29], the proton capture cross-
sections (0,) can be obtained from Eq. (III-4) as
shown in Table III-10. The experimental emission
probabilities P, for selected ¥ rays [111-28 to IT1-30]
were used in Eq. (III-5) to calculate the corre-
sponding emission cross-sections (o,); these results
are listed in Tables I1I-11 to ITI-13.

TABLE 1III-9. EMISSION PROBABILITY RATIOS OF 7 RAYS (POPULATING) AND j RAYS
(DEPOPULATING A COMMON LEVEL) AFTER THERMAL NEUTRON CAPTURE

Reaction E,; (keV) E, (keV) P1/P2 Ref.

3ClI(n, p)*Cl 5715.20 2863.82 0.96(4) [I1-6. TII-14 to ITI-16]
5902.69 2676.31 0.698(12) [I11-6, TT1-14 to ITI-16]
6110.80 1951.1278* 1.037(11) [[II-6, TIT-14 to ITI-16]
6110.80 517.07006 0.866(10) [I11-6, TII-14 to IT1-16]
6619.57 1959.343 0.612(9) [I11-6, TT1-14 to ITI-16]
6977.79 1601.068 0.603(10) [I11-6, III-14 to IT1-16]
7790.28 788.4230 0.493(6) [[II-6, TIT-14 to ITI-16]

®Ti(n, P*Ti 4881.32 1498.63 0.981(10) [I1-22]
6418.38 341.69 0.906(9) [I1-22]
6555.83 1585.95 0.487(6) [I1-22]
6760.06 1381.72 0.518(5) [I1-22]

2Cr(n, 7)*Cr 5618.13 2321.09 0.980(8) [I11-27]

3Cr(n, p*Cr 6644.47 2239.16 0.907(8) [I1-27]
7098.84 1784.69 0.750(8) [I1-27]
8882.88 835.03 0.562(7) [I1-27]

* Subsequent emission of three y rays in cascade.
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TABLE I1I-10. CALCULATED RESONANCE PROTON CAPTURE CROSS-SECTIONS

Reaction E, (keV) I'(eV) Spy (€V) o, (mb)
“N(p, pO 1058.0(5) 3900(700) 5.7 0.69(12)
2Na(p, 7)**Mg 1416.85(7) 90(30) 27(6) 75(30)
T Al(p, y)*Si 991.86(3) 70(14) 24(2) 81(17)

TABLE III-11. EVALUATED PROTON
CAPTURE CROSS-SECTIONS (0;) FOR
SELECTED ¥ RAYS FROM THE “N(p, )"0
REACTION AT RESONANCE ENERGY E, =
1058 keV, AND CORRESPONDING EMISSION
PROBABILITIES P, (PER  PROTON

CAPTURE) FROM REF. [III-30] (energies are
taken from Ref. [I1I-31])

E, (keV) Oy (mb) P,
3042.8(6) 0.290(50) 0.422(5)
5239.9(3) 0.299(52) 0.434(6)
8281.5(5) 0.366(62) 0.5320(25)

TABLE III-12. EVALUATED PROTON
CAPTURE CROSS-SECTIONS (0;) FOR
SELECTED y RAYS FROM THE Na(p, )*Mg
REACTION AT RESONANCE ENERGY E, =
1417 keV, AND CORRESPONDING EMISSION
PROBABILITIES P, (PER  PROTON

CAPTURE) FROM REF. [11I-29] (energies are
taken from Ref. [I1I-31])

E,; (keV) 0,; (mb) P,
2754.028 71(28) 0.94(1)
8925.55 70(28) 0.93(1)

TABLE III-13. EVALUATED PROTON
CAPTURE CROSS-SECTIONS (o,) FOR
SELECTED % RAYS FROM THE ?Al(p, y)*Si
REACTION AT RESONANCE ENERGY E, =
992 keV, AND CORRESPONDING EMISSION
PROBABILITIES P, (PER  PROTON

CAPTURE) FROM REF. [III-32] (energies are
taken from Refs [I1I-31, 111-32])

E, (keV) Oy (mb) P,
1778.969(12) 77(17) 0.948(15)
10762.9 62(14) 0.766(15)

III-5.1. Ratios of cascading y rays

As emphasized earlier, the ratios of the
emission probabilities P,;/P,; are usually determined
with better accuracy than P, alone. Therefore, this
‘two line method’ has been used in thermal neutron
capture and proton capture reactions. The resulting
calibration will be completely independent of
previously measured efficiencies for high energy
y rays, when a high energy and a low energy
y transition from the initial capturing state and via
an intermediate state, respectively, both have 100%
y ray branching to one level, resulting in an intensity
ratio P,,/P, = 1. Since the efficiency for the low
energy yray arises from a well defined radioactive
source, the determination of the efficiency of the
high energy y ray is straightforward. However, such
situations are extremely rare and hence (p, 7)
reactions on light nuclei, with their broad choice of
many sharp resonances, have certain advantages
over thermal neutron capture reactions. Eight
cascading y ray pairs were reported in Ref. [I1I-33]
with uncertainties in P,,/P,, estimated at about 2%.
More recently, the intensity ratios of strong
cascades in the multi-y decay of four resonances in
the ZNa(p, y)**Mg and ?’Al(p, 7)**Si reactions have
been measured with an accuracy better than 1.0%,
and three resonances in the "B(p, 7)!>C reaction
with an accuracy of 1-2% [III-34]. The latter
resonances extend the calibration energy range up
to 13.92 MeV. All these data are included in
IAEA-TECDOC-619 [III-2], and have been
collected in Table I11-14.

Certain experimental effects should be taken
into account in the (p, y) reactions, i.e. the width of
the resonance, the energy spread of the beam and
the target thickness should neither degrade the
detector resolution nor alter the apparent efficiency.
Since the emitted y rays have anisotropic angular
distributions with respect to the beam direction, the
observed counting rate must be corrected for this
variation. This correction can normally be achieved
simply by undertaking measurements at an angle 6
of 55° or 125° with respect to the beam direction
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TABLE III-14. PROTON CAPTURE REACTIONS WITH SUBSEQUENT EMISSION OF y AND p
RAYS IN CASCADE; EMISSION PROBABILITIES ARE P, AND P,, AND E, IS THE PROTON
RESONANCE ENERGY, WHILE ENERGIES ARE TAKEN FROM REF. [11I-31]

Reaction E, (keV) E, (keV) E, (keV) P1/P2 Ref.
"B(p, p'*C 675 12140 4438.03 1.000(<1)* [II1-34]
1388 12790 4438.03 1.000(<1)* [II1-34]
2626 13920 4438.03 1.000(<1)* [II1-34]
“N(p, p50 278 5182(1) 2373(1) 1.000(38) [111-30]
6174.9(1) 1380.1(17) 1.000(7) [111-30]
6791.4(17) 763.4(17) 1.000(37) [111-30]
1058 5239.9(3) 3042.8(6) 1.028(12) [111-30]
BNa(p, y**Mg 1318 11588 1368.633 0.960(2) [II1-34]
1417 8925.55 2754.028 0.9850(11) [II1-34]
7Al(p, y)*Si 767 7706 2838.67(5) 0.981(2) [I11-34]
992 10762.9 1778.969(12) 0.806(10) [111-34]
1317 6580 4500 1.017(6) [111-34]

a

under the assumption that 6 = 55° intensities are
proportional to the 4m-integrated y ray yields;
P,(cosf) = 0 at this angle, which minimizes the
influence of the angular distribution. P, P; and P,
terms are assumed to be negligible, although there
are reactions in which this may not occur, e.g. in the
B(p, P™C reaction (Table 111-14), the P,(cos6)
term does not vanish [I11-34].

I11-6. CONTINUUM PROTON CAPTURE
BY "B

Radiative proton capture to the continuum
states of the compound nucleus >C* (defined as the
highly excited target nucleus plus the proton
projectile) can be used as a source of primary y rays
of variable energy. The most useful are the primary
1, rays from the direct decay of the capturing states
in the continuum (contained within the energy
spread of the proton beam combined with the
straggling due to target thickness) to the ground
state of 2C. The variable energy of these y, rays
depends on the laboratory bombarding energy (E,)
and the binding energy of the proton in *C (B, =
15.95717 + 0.00033 MeV):

E,=E, (11/12)+Bp (I11-6)

The width of the y% peak in the calibration
spectrum depends on the target thickness and the
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Another 1-2% uncertainty arises from the angular distribution, even when applied at 6 = 55°.

energy resolution of the proton beam. Target
thickness is the dominant factor since gg/cm? to tens
of mg/cm? of target material are often used.
Figure I1I-1 and Table III-15 contain the
recommended differential cross-sections for the
emission of the primary 7, rays from proton capture
in "B measured at 90° with respect to the proton
beam direction [II1-35 to I1I-39]. The cross-sections
in Ref. [III-37] were measured with an accuracy
better than 6% (see Tables III-15 and III-16), and
these data extend from a proton energy of 18.00 to
43.70 MeV. The studies of Ref. [111-36] range from
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FIG. III-1. Recommended 90° differential cross-section
for the "' B(p, v,)"*C reaction [I1I-35 to 11I-39].



a proton energy of 13.00 to 21.80 MeV, and the
cross-sections were multiplied by a factor of 1.25 in
order to fit the data of Ref. [III-37] in the region of
overlapping energies. Furthermore, the cross-
sections from Ref. [II1I-35] were multiplied by a
factor of 0.66 to achieve consistency. The cross-
sections in Ref. [III-38] were measured at three
proton energies (48.04, 69.86 and 91.68 MeV), and
those of Ref. [III-39] at several energies ranging
from 21.5 to 100 MeV. Both data sets are consistent
with the cross-sections reported in Ref. [I1I-37].
Data in Ref. [III-39] were obtained at 60° with
respect to the proton beam and converted into 90°
data by means of the Legendre expansion coeffi-
cients from Tables I11-17 and ITII-18. As a result, the
recommended data set extends from a proton
energy of 3.70 to approximately 100 MeV. An
uncertainty of about +6% was adopted for the
evaluated cross-sections (solid line in Fig. I1I-1, and
‘eval’ in Table 111-16), as specified in Ref. [II1-37]
(compare with the sixth column in Table I11-15).

The Legendre polynomial expansion coeffi-
cients shown in Figs III-2 and III-3 and listed in
Tables III-17 and III-18 are given as a function of
the incident proton energy in the range from
approximately 14.00 to 90.00 MeV.

I11-7. PROTON INELASTIC SCATTERING
AND THE “F(p, )"0 REACTION

The 4438.0(3) and 15099(3) keV y rays
produced in proton scattering on carbon by the
2C(p, p'y)'?C reaction, and the 6128.63(4) keV
y ray from the “F(p, a)!'®°O reaction are used
routinely for the energy calibration of y ray spectra.
Therefore, an attempt was made to evaluate the
production  cross-sections of these energy
calibration standards with the aim of obtaining new
intensity calibrants. Although numerous measure-
ments of the reactions in question have been
compiled and evaluated [III-41, I11-42], the
accuracy of the experimental data does not meet
the requirements for metrological applications.
The uncertainties in the measured differential
cross-sections vary between 11 and 20%, and are
much higher than the uncertainties of the emission
probabilities of the 7y rays following thermal-
neutron capture or proton capture reactions. As
was shown in the preceding sections, the latter are
normally found to vary between 2 and 6%,
although uncertainties as small as 0.5% are not
uncommon.

TABLE 1II-15. EXPERIMENTAL DIFFERENTIAL CROSS-SECTIONS FOR THE !"B(p, y%)"C
REACTION IN (ub/str) MEASURED AT DIFFERENT LABORATORY ANGLES AS GIVEN IN REF.

[111-37]

E, (MeV) 34° 45° 60° 75° 90° 105° 120°
18 0.760(37) 1.010(51) 1.260(56) 1.200(63) 1.170(63) 0.885(45) 0.580(30)
19 0.650(34) 0.900(27) 1.030(51) 1.080(60) 0.850(50) 0.650(37) 0.480(27)
215 0.590(26) 0.760(42) 0.790(38) 0.740(40) 0.750(41) 0.490(28) 0.330(19)
24 0.510(29) 0.660(19) 0.640(32) 0.630(37) 0.590(33) 0.320(18) 0.200(12)
27 0.470(26) 0.580(31) 0.650(30) 0.580(31) 0.480(27) 0.290(17) 0.150(10)
30 0.520(24) 0.520(21) 0.570(26) 0.470(25) 0.400(22) 0.250(11) 0.128(8)
32 0.470(21) 0.480(25) 0.520(21) 0.470(25) 0.320(18) 0.240(14) 0.100(6)
34 0.410(21) 0.420(21) 0.460(21) 0.420(2) 0.290(16) 0.150(9) 0.078(5)
36 0.390(17) 0.460(23) 0.470(21) 0.380(18) 0.300(16) 0.130(8) 0.070(5)
39 0.330(16) 0.400(20) 0.420(19) 0.270(14) 0.190(11) 0.060(4) 0.050(4)
437 0.190(10) 0.370(18) 0.330(14) 0.210(11) 0.160(9) 0.040(4) 0.026(2)

137



TABLE III-16. RECOMMENDED 90° DIFFERENTIAL CROSS-SECTIONS FOR THE "B(p, y)"C
REACTION

E, (MeV) o(Ao) (ub/sr) Ref. E, (MeV) o(Ac) (ub/sr) Ref.

3.70 0.098(10) [II1-35] 5.80 6.65(67) [II1-35]
375 0.89(9) [I11-35] 5.85 6.92(69) [I11-35]
3.80 1.16(12) [II1-35] 5.90 7.04(70) [II1-35]
3.85 1.15(12) [I11-35] 5.95 6.82(68) [I11-35]
3.90 1.02(10) [II1-35] 6.00 6.67(67) [II1-35]
3.95 1.27(13) [I11-36] 6.05 6.90(69) [I11-35]
4.00 1.35(14) [II1-35] 6.10 6.85(69) [II1-35]
4.05 1.39(14) [I11-35] 6.15 7.01(70) [111-35]
4.10 1.40(14) [IIT-35] 6.20 6.91(69) [II1-35]
415 1.36(14) [111-35] 6.25 7.03(70) [111-35]
4.20 1.54(15) [II1-35] 6.30 7.34(73) [II1-35]
425 1.90(19) [I11-35] 635 7.76(78) [111-35]
4.30 1.78(18) [II1-35] 6.40 7.89(79) [II1-35]
435 1.94(19) [I11-35] 6.45 8.55(86) [111-35]
4.40 1.93(19) [II1-35] 6.50 8.67(87) [II1-35]
445 2.02(20) [111-35] 6.55 8.53(85) [111-35]
4.50 2.57(26) [II1-35] 6.60 9.20(92) [II1-35]
455 2.34(23) [111-35] 6.65 8.75(88) [111-35]
4.60 2.76(28) [II1-35] 6.70 9.20(92) [II1-35]
4.65 2.89(29) [I11-35] 6.75 8.87(87) [111-35]
4.70 3.06(31) [II1-35] 6.80 8.77(88) [II1-35]
475 2.94(29) [I11-35] 6.85 9.29(93) [I11-35]
4.80 3.14(31) [II1-35] 6.90 9.62(96) [II1-35]
485 3.02(30) [I11-35] 6.95 9.29(93) [I11-35]
4.90 3.47(35) [II1-35] 7.00 9.74(97) [II1-35]
4.95 3.85(39) [I11-35] 7.05 10.07(101) [111-35]
5.00 3.74(37) [II1-35] 7.10 10.26(103) [II1-35]
5.05 420(42) [111-35] 715 10.46(105) [111-35]
5.10 4.33(43) [II1-35] 7.20 10.68(107) [II1-35]
5.15 4.02(40) [I11-35] 725 9.84(100) [I11-35]
5.20 4.28(43) [II1-35] 7.30 10.71(107) [II1-35]
525 4.47(45) [111-35] 735 10.01(100) [111-35]
5.30 4.61(46) [II1-35] 7.40 10.41(104) [II1-35]
535 4.76(48) [I11-35] 745 9.82(98) [I11-35]
5.40 5.22(52) [II1-35] 7.50 9.96(100) [II1-35]
5.45 5.30(53) [I11-35] 7.55 9.77(98) [I11-35]
5.50 5.52(55) [II1-35] 7.60 9.37(94) [II1-35]
555 5.80(58) [I11-35] 7.65 9.53(95) [I11-35]
5.60 5.68(57) [II1-35] 7.70 9.41(94) [II1-35]
5.65 6.09(61) [I11-35] 775 9.27(93) [I11-35]
5.70 6.16(62) [II1-35] 7.80 9.28(93) [II1-35]
575 6.30(63) [111-35] 785 8.76(88) [111-35]
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TABLE III-16. RECOMMENDED 90° DIFFERENTIAL CROSS-SECTIONS FOR THE "B(p, y)"C
REACTION (cont.)

E, (MeV) o(Ao) (ub/sr) Ref. E, (MeV) o(Ac) (ub/sr) Ref.

7.90 8.87(89) [II1-35] 10.00 3.52(35) [II1-35]
7.95 9.09(91) [I11-35] 10.05 3.41(34) [111-35]
8.00 9.02(90) [II1-35] 10.10 3.69(37) [II1-35]
8.05 8.52(85) [111-35] 10.15 3.82(38) [111-35]
8.10 8.02(80) [II1-35] 10.20 3.33(33) [II1-35]
8.15 8.42(84) [I11-35] 10.25 3.91(39) [I11-35]
8.20 8.29(83) [II1-35] 10.30 4.03(40) [II1-35]
825 8.44(84) [111-35] 1035 4.42(44) [111-35]
8.30 8.34(83) [II1-35] 10.40 4.25(43) [II1-35]
8.35 7.50(75) [111-35] 10.45 4.11(41) [111-35]
8.40 8.01(80) [II1-35] 10.50 3.78(38) [II1-35]
8.45 7.09(71) [I11-35] 10.55 421(42) [111-35]
8.50 7.45(75) [II1-35] 10.60 3.94(39) [II1-35]
8.55 7.01(70) [I11-35] 10.65 3.79(38) [I11-35]
8.60 6.86(69) [II1-35] 10.70 3.68(37) [II1-35]
8.65 6.73(67) [111-35] 10.75 3.56(36) [111-35]
8.70 6.24(62) [II1-35] 10.80 3.45(35) [II1-35]
8.75 6.01(60) [111-35] 10.85 3.43(34) [111-35]
8.80 5.74(57) [II1-35] 10.90 3.55(36) [II1-35]
8.85 5.34(53) [I11-35] 10.95 321(32) [I11-35]
8.90 5.45(55) [II1-35] 11.00 3.40(34) [IT1-35]
8.95 4.62(46) [I11-35] 11.05 2.83(28) [111-35]
9.00 4.56(46) [II1-35] 11.10 2.96(30) [IT1-35]
9.05 4.34(43) [I11-35] 11.15 2.85(29) [I11-35]
9.10 4.16(42) [II1-35] 11.20 3.04(30) [II1-35]
9.15 3.98(40) [I11-35] 11.25 2.88(29) [I11-35]
9.20 3.76(38) [II1-35] 11.30 3.04(30) [II1-35]
9.25 3.69(37) [I11-35] 11.35 2.88(29) [I11-35]
9.30 3.65(37) [II1-35] 11.40 2.87(29) [IT1-35]
935 3.60(36) [I11-35] 11.45 2.83(28) [111-35]
9.40 3.47(35) [II1-35] 11.50 2.34(23) [II1-35]
9.45 3.91(39) [I11-35] 11.55 2.51(25) [111-35]
9.50 3.78(38) [II1-35] 11.60 2.64(26) [II1-35]
9.55 4.13(41) [I11-35] 11.65 2.51(25) [111-35]
9.60 3.74(37) [II1-35] 11.70 2.34(23) [II1-35]
9.65 3.76(38) [I11-35] 11.75 2.46(25) [111-35]
9.70 4.42(44) [II1-35] 11.80 2.68(27) [IT1-35]
9.75 3.82(38) [I11-35] 11.85 2.55(26) [111-35]
9.80 3.80(38) [II1-35] 11.90 2.36(24) [IT1-35]
9.85 3.69(37) [I11-35] 11.95 2.59(26) [I11-35]
9.90 4.22(42) [II1-35] 12.00 2.11(21) [IT1-35]
9.95 423(42) [I11-35] 12.05 2.34(23) [111-35]
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TABLE III-16. RECOMMENDED 90° DIFFERENTIAL CROSS-SECTIONS FOR THE "B(p, y)"C
REACTION (cont.)

E, (MeV) o(Ao) (ub/sr) Ref. E, (MeV) o(Ac) (ub/sr) Ref.

12.10 2.22(22) [II1-35] 13.80 1.53(15) [II1-36]
12.15 2.10(21) [I11-35] 13.90 1.78(18) [I11-36]
12.20 2.24(22) [II1-35] 14.00 1.40(14) [II1-36]
1225 2.36(24) [111-35] 14.10 1.58(16) [111-36]
12.30 2.26(23) [II1-35] 14.20 1.63(16) [IT1-36]
1235 2.38(24) [111-35] 1430 1.35(14) [111-36]
12.40 2.23(22) [II1-35] 14.40 1.66(17) [IT1-36]
12.45 2.40(24) [111-35] 14.50 1.75(18) [111-36]
12.50 2.28(23) [II1-35] 14.60 1.63(16) [IT1-36]
12.55 2.34(23) [111-35] 14.70 1.50(15) [111-36]
12.60 2.18(22) [II1-35] 14.80 1.46(15) [IT1-36]
12.65 1.78(18) [I11-35] 14.90 1.58(16) [I11-36]
12.70 2.14(21) [II1-35] 15.00 1.48(15) [IT1-36]
12.75 1.87(19) [I11-35] 15.10 1.66(17) [111-36]
12.80 2.13(21) [II1-35] 15.20 1.56(16) [IT1-36]
12.85 1.98(20) [I11-35] 15.30 1.59(16) [I11-36]
12.90 2.30(23) [II1-35] 15.40 1.45(15) [IT1-36]
12.95 2.69(27) [I11-35] 15.50 1.75(18) [111-36]
13.00 2.46(25) [II1-35] 15.60 1.54(15) [IT1-36]
13.00 2.18(22) [111-36] 15.70 1.74(17) [111-36]
13.05 1.97(20) [II1-35] 15.80 1.41(14) [IT1-36]
13.10 1.68(17) [I11-35] 15.90 1.40(14) [I11-36]
13.10 2.20(22) [II1-36] 16.00 1.26(13) [IT1-36]
13.15 2.21(22) [111-35] 16.10 1.51(15) [111-36]
13.20 1.97(20) [II1-35] 16.20 1.50(15) [IT1-36]
13.20 2.08(21) [111-36] 1630 1.35(14) [111-36]
13.25 1.78(18) [II1-35] 16.40 1.16(12) [IT1-36]
1330 2.28(23) [111-35] 16.50 1.43(14) [111-36]
13.30 2.14(21) [II1-36] 16.60 1.24(12) [IT1-36]
1335 2.14(21) [111-35] 16.70 1.26(13) [111-36]
13.40 1.87(19) [II1-35] 16.80 1.34(13) [IT1-36]
13.40 1.84(18) [I11-36] 16.90 1.20(12) [I11-36]
13.45 2.20(22) [II1-35] 17.00 1.16(12) [IT1-36]
13.50 1.66(17) [111-35] 17.10 1.15(12) [111-36]
13.50 1.75(18) [II1-36] 17.20 1.13(11) [IT1-36]
1355 1.56(16) [111-35] 17.30 1.14(11) [111-36]
13.60 1.82(18) [II1-35] 17.40 1.04(10) [IT1-36]
13.60 1.51(15) [111-36] 17.50 1.08(11) [111-36]
13.65 1.52(15) [II1-35] 17.60 1.19(12) [IT1-36]
13.70 1.82(18) [I11-35] 17.70 1.19(12) [I11-36]
13.70 1.61(16) [IIT-36] 17.80 1.13(11) [IT1-36]
13.75 1.42(14) [I11-35] 17.90 1.09(11) [I11-36]
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TABLE III-16. RECOMMENDED 90° DIFFERENTIAL CROSS-SECTIONS FOR THE "B(p, y)"C
REACTION (cont.)

E, (MeV) o(Ao) (ub/sr) Ref. E, (MeV) o(Ac) (ub/sr) Ref.
18.00 1.170(63) [I11-37] 22.00 0.630(37) eval
18.10 0.90(10) [I11-36] 23.00 0.590(35) eval
18.20 0.90(5) [IT1-36] 24.00 0.590(33) [111-37]
18.30 1.00(6) [IT1-36] 25.00 0.520(31) eval
18.40 0.94(6) [I11-36] 26.00 0.490(29) eval
18.50 0.99(6) [IT1-36] 26.80 0.51(3) [111-39]
18.60 1.15(7) [I11-36] 27.00 0.480(27) [111-37]
18.70 1.08(6) [IT1-36] 28.00 0.430(25) eval
18.80 1.18(7) [I11-36] 28.10 0.38(2) [I11-39]
18.90 1.08(6) [IT1-36] 29.00 0.400(24) eval
19.00 0.88(5) [I11-36] 30.00 0.400(22) [I11-37]
19.00 0.85(5) [I11-37] 31.00 0.350(21) eval
19.10 1.11(7) [I11-36] 31.70 0.42(3) [I11-39]
19.20 1.13(7) [IT1-36] 32.00 0.320(18) [111-37]
19.30 1.00(6) [I11-36] 33.00 0.311(18) eval
19.40 1.13(7) [IT1-36] 34.00 0.290(16) [111-37]
19.50 1.00(6) [I11-36] 35.00 0.274(16) eval
19.60 1.29(8) [IT1-36] 36.00 0.300(16) [111-37]
19.70 0.86(5) [I11-36] 36.60 0.27(2) [I11-39]
19.80 1.05(6) [IT1-36] 37.00 0.241(14) eval
19.90 0.88(5) [I11-36] 38.00 0.226(13) eval
20.00 1.13(7) [IT1-36] 39.00 0.190(11) [111-37]
20.10 0.96(6) [I11-36] 40.00 0.198(11) eval
20.20 0.86(5) [IT1-36] 40.50 0.19(1) [111-39]
20.30 1.05(6) [I11-36] 41.00 0.186(11) eval
20.40 0.90(5) [IT1-36] 42.00 0.175(10) eval
20.50 0.80(5) [I11-36] 43.00 0.164(9) eval
20.60 1.14(7) [IT1-36] 43.70 0.160(9) [111-37]
20.70 0.90(5) [I11-36] 44.00 0.154(9) eval
20.80 0.98(6) [IT1-36] 45.00 0.144(8) eval
20.90 1.00(6) [I11-36] 48.40 0.12(1) [I11-38]
21.00 0.94(6) [IT1-36] 50.00 0.105(6) eval
21.10 1.08(6) [I11-36] 55.00 0.0760(45) eval
21.20 0.95(6) [IT1-36] 60.00 0.0550(32) eval
21.30 0.94(6) [I11-36] 60.00 0.057(4) [I11-39]
21.40 0.74(4) [IT1-36] 65.00 0.0400(23) eval
21.50 0.93(6) [I11-36] 69.86 0.024(3) [I11-38]
21.50 0.750(41) [I11-37] 70.00 0.016(2) [111-39]
21.50 0.65(4) [I11-39] 75.00 0.0210(12) eval
21.60 0.66(4) [IT1-36] 80.00 0.013(1) [111-39]
21.70 0.95(6) [I11-36] 85.00 0.0110(6) eval
21.80 0.84(5) [IT1-36] 90.00 0.012(1) [111-39]
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TABLE III-16. RECOMMENDED 90° DIFFERENTIAL CROSS-SECTIONS FOR THE "B(p, y)"C

REACTION (cont.)

E, (MeV) o(Ao) (ub/sr) Ref. E, (MeV) o(Ac) (ub/sr) Ref.
91.68 0.007(1) [IT1-38] 100.00 0.007(1) [I11-39]
95.00 0.0060(3) eval 105.00 0.0030(2) eval

TABLE I11-17. RECOMMENDED LEGENDRE POLYNOMIAL EXPANSION COEFFICIENT (a,) FOR
THE PRIMARY 3% RAYS TO THE GROUND STATE OF "“C FROM THE !B(p, y%)"“C REACTION
(absolute uncertainties of the evaluated data are 8-10% as adopted from Ref. [I11-37])

E, MeV) ay(Aa,) (ub/sr) Ref. E, (MeV) ay(Aa,) (ubl/sr) Ref.
14.0 1.25(14) [I11-36] 34.0 0.245(23) [I11-37]
14.5 1.24(11) [II1-36] 36.0 0.243(23) [I1-37]
15.0 1.25(15) [IT1-36] 38.0 0.191(19) eval
15.5 1.19(21) [II1-36] 39.0 0.186(17) [I1-37]
16.0 1.05(20) [I11-36] 40.0 0.173(17) eval
16.5 1.06(19) [II1-36] 42.0 0.157(16) eval
17.0 0.91(11) [IT1-36] 437 0.137(13) [I11-37]
17.5 0.90(11) [II1-36] 46.0 0.130(13) eval
18.0 0.807(81) [IT11-37] 48.04 0.130(29) [IT1-38]
18.0 0.82(8) [111-40] 50.0 0.109(11) eval
185 0.76(11) [IT1-36] 525 0.098(10) eval
19.0 0.686(68) [II1-37] 55.0 0.089(9) eval
19.0 0.69(7) [IT1-40] 575 0.080(8) eval
19.5 0.74(15) [1I1-36] 60.0 0.073(7) eval
20.0 0.64(13) [I11-36] 62.5 0.066(7) eval
20.5 0.58(18) [II1-36] 65.0 0.060(6) eval
21.0 0.55(18) [I11-36] 67.5 0.055(6) eval
21.5 0.518(52) [I1-37] 69.86 0.043(9) [IT1-38]
22.0 0.548(52) eval 72.5 0.046(5) eval
23.0 0.504(39) eval 75.0 0.042(4) eval
24.0 0.412(39) [I11-37] 775 0.038(4) eval
25.0 0.430(38) eval 80.0 0.034(3) eval
26.0 0.399(34) eval 82.5 0.032(3) eval
27.0 0.361(34) [II1-37] 85.0 0.029(3) eval
28.0 0.346(32) eval 87.5 0.026(3) eval
29.0 0.324(31) eval 90.0 0.024(2) eval
30.0 0.312(30) [IT1-37] 91.68 0.023(4) [IT1-38]
32.0 0.290(27) [II1-37]
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TABLE III-18. LEGENDRE POLYNOMIAL EXPANSION COEFFICIENTS FOR THE PRIMARY 7,
RAYS TO THE GROUND STATE OF 2C FROM THE "B(p, %)'>*C REACTION

E, (MeV) a,/a, a,/a, aj/a, a,/a, Ref.
(uncertainty) (uncertainty) (uncertainty) (uncertainty)

13.0 0.16(7) -0.65(6) -0.23(6) [111-40]
14.0 0.34(2) -0.78(5) -0.21(4) ~0.08(4) [111-36]
14.5 0.40(1) -0.78(3) -0.30(3) -0.13(2) [I11-36]
15.0 0.34(1) -0.80(3) -0.19(3) ~0.05(2) [I11-36]
15.0 0.42(8) -0.73(6) -0.33(6) [111-40]
15.5 0.35(2) -0.76(3) ~0.19(4) ~0.05(2) [I11-36]
16.0 0.36(2) -0.67(3) -0.18(4) -0.15(3) [I11-36]
16.0 0.35(8) -0.80(6) -0.12(6) [111-40]
16.5 0.43(2) -0.73(3) -0.22(4) -0.07(3) [I11-36]
17.0 0.42(2) -0.78(3) -0.31(4) -0.11(3) [111-36]
17.5 0.46(2) -0.73(3) -0.18(4) -0.01(3) [I11-36]
17.7 0.42(8) -0.78(6) -0.21(6) [111-40]
18.0 0.43(2) -0.82(7) -0.31(5) -0.06(3) [I11-36]
18.0 0.59(8) -0.83(6) -0.32(6) 0.00(6) [111-37]
18.5 0.42(2) -0.76(7) -0.24(5) -0.07(3) [I11-36]
19.0 0.46(2) -0.79(6) -0.27(4) ~0.02(3) [111-36]
19.0 0.32(8) -0.61(6) -0.52(6) -0.07(4) [I11-37]
19.0 0.38(8) -0.70(6) -0.33(6) [111-40]
19.5 0.44(2) -0.76(9) -0.32(5) 0.00(5) [I11-36]
20.0 0.53(2) -0.70(8) -0.29(6) ~0.07(4) [I11-36]
20.0 0.64(8) -0.67(6) -0.31(6) [111-40]
20.0 0.50(4) -0.71(6) eval

20.5 0.49(3) -0.78(9) -0.39(6) -0.12(5) [I11-36]
21.0 0.55(5) -0.70(13) -0.24(21) 0.01(16) [111-36]
21.5 0.26(8) -0.63(7) -0.24(6) 0.00(6) [111-37]
24.0 0.76(7) -0.55(7) -0.55(6) ~0.06(6) [111-37)
25.0 0.70(6) -0.63(5) eval

27.0 0.80(7) -0.60(6) -0.55(6) 0.00(7) [111-37]
30.0 0.89(7) -0.52(6) -0.53(6) -0.15(7) [11-37]
30.0 0.85(7) -0.51(4) eval

32.0 1.00(7) -0.42(6) -0.37(6) -0.09(7) [II1-37]
34.0 1.00(7) -0.40(7) ~0.64(7) ~0.13(7) [111-37]
36.0 1.00(7) -0.40(6) -0.74(7) -0.22(6) [I11-37]
39.0 1.05(7) -0.21(7) ~0.93(6) ~0.57(6) [I11-37]
40.0 1.10(9) -0.26(2) eval

437 1.10(7) -0.31(7) -1.13(10) ~0.69(6) [I11-37]
45.0 1.20(10) -0.13(10) eval

48.04 1.23(13) -0.12(8) -0.76(22) ~0.40(20) [111-38]
50.0 1.29(10) 0.080(1) eval

55.0 1.37(11) 0.14(1) eval

60.0 1.45(12) 0.28(2) eval
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TABLE III-18. LEGENDRE POLYNOMIAL EXPANSION COEFFICIENTS FOR THE PRIMARY 7,
RAYS TO THE GROUND STATE OF 2C FROM THE "B(p, %)'*C REACTION (cont.)

E, (MeV) a,/a, a,/a, aj/a, a,/a, Ref.
(uncertainty) (uncertainty) (uncertainty) (uncertainty)
65.0 1.52(12) 0.42(3) eval
69.86 1.70(27) 0.59(9) ~0.76(30) ~0.30(19) [I11-38]
70.0 1.58(13) 0.56(4) eval
75.0 1.65(13) 0.70(6) eval
80.0 1.70(14) 0.84(7) eval
85.0 1.76(14) 0.98(8) eval
90.0 1.82(15) 1.11(9) eval
91.68 1.90(30) 1.11(9) ~0.31(31) ~0.21(13) [111-38]
95.0 1.95(15) 1.14(9) eval
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Annex IV

EVALUATION OF ANGULAR CORRELATION COEFFICIENTS FOR DETECTOR CALIBRATION
BY MEANS OF THE COINCIDENCE METHOD

S. Hlava¢é

Slovak Academy of Sciences, Slovakia

IV-1. yCOINCIDENCE METHOD OF
DETECTOR EFFICIENCY CALIBRATION

The coincidence method has been successfully
used for decades in nuclear spectroscopy and
various other applications as the only feasible
method for the study of complex decay and level
schemes of atomic nuclei. A second important and
widely accepted application of the coincidence
method is the determination of the absolute decay
rate of standards for detector calibration. However,
the coincidence method can also be applied to
determine the absolute detector efficiency.

The absolute calibration of photon detectors
proceeds in two steps: determination of the absolute
source intensity by means of the S~y coincidence
method to give an absolutely calibrated standard
that can subsequently be used to determine the
absolute efficiency of the photon detector. Use of
the coincidence method can potentially reduce the
number of steps in the detector calibration
procedure to a single step, thus reducing the error in
the calibration. A useful property of the
coincidence method is that one can calibrate y ray
detectors absolutely even without absolutely
calibrated standards.

IV-2. PRINCIPLE OF THE
Y-y COINCIDENCE METHOD

The coincidence method is relatively simple
and can be used if the source nucleus decays by two
cascading photons, ¥, and 7§, Two detectors are set
up, as shown in Fig. IV-1 together with an
appropriate decay scheme.

Detectors d; and d, are used to measure
gamma rays ¥ and 7%, respectively. The following
relationships hold for the full energy rate N, in
detector d, and the coincidence rate N,,in detector
d, in this simple arrangement:

N,=¢gA
Ny, = €l AW(9)

where A is the unknown decay rate of the
calibration source, & 1is the full energy peak
efficiency of detector d, &1 is the total efficiency of
detector d; for ¥, and W(9) is the correlation
function. From the above equations, the total
efficiency €] is given by the expression:

=z

r_ V12 L ] Iv-1
=N, W) =

=

The full energy peak efficiency ¢, can be determined
using the known peak to total ratio fi, g = f€!.
Thus, the total efficiency of detector d, for
gamma ray 7 can be determined from the ratio of
coincidence counts to single counts of gamma ray p,
in detector d,, We do not need to know the
efficiency of detector d, in order to determine the
efficiency of detector d,. These simple relationships
can be further refined to describe a realistic experi-
mental situation with full energy peak efficiency of
the calibrated detector, calibration sources with

T
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i
t3 A "\
[Tty dy Q}

FIG. IV-1. Typical decay scheme of daughter nucleus with

two cascading Y rays — note that Yy, is the second transition
in the cascade — along with the detector set-up for an effi-
ciency measurement by means of the coincidence method
(two Y rays are emitted with relative angle ¥ and detected
in detectors d; and d,).
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more complicated decay schemes, and finite
detector volumes. A  two-parametric data
acquisition system is advisable in order to perform a
precise efficiency measurement. Further reduction
of the uncertainties can be achieved if a time distri-
bution between two coincident y rays is also
measured.

Calibration sources for use in the coincidence
method need to possess slightly different decay data
properties than arise for a normal calibrant. The
crucial parameter is P, | (number of gamma rays ¥
per single photon p), and therefore the population
of individual levels, branching ratios of electromag-
netic transitions and the internal conversion coeffi-
cients need to be known in a similar manner to the
traditional calibration methods. However, the
number of nuclei that decay during the efficiency
measurement does not need to be known absolutely
and the half-life of the source does not need to be
precisely defined. While the spatial and time corre-
lations of both photons are important, the half-lives
of the majority of nuclear levels in nuclei used for
such calibrations are much shorter than the time
resolution of commonly used photon detectors;
therefore, we can assume that both photons are
emitted at the same time.

The spatial correlations between two
successive y transitions are well understood, and
depend on the spins and parities of all three nuclear
levels involved, as well as on the multipolarities of
both y transitions. Although the general theory of
correlations is rather involved, in principle the
correlation function can always be reduced to the
sum of Legendre polynomials P,(cos ¥):

W ()= AP, (cosd)

even

where k starts at 0 and adopts only even values, and
A, are angular correlation coefficients (where
Ay =1 by definition). Since the spins of the nuclear
levels of most nuclei used for detector calibration
are always rather low, directional correlations are
weak and the first three terms of the above sum
describe the observed angular correlations
satisfactorily:

W()=1+A,,P, (costt)+ Ay Py (cost) (IV-2)

The effect of the correlations can be further reduced
by undertaking a measurement at an angle of 125°
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where the second Legendre polynomial P,(cos )
equals zero. Nevertheless, the influence of angular
correlations should be taken into account in the
coincidence method.

IV-3. SELECTED NUCLEI

The best source to be used in the coincidence
method should emit two y rays. However, few nuclei
exist with such a simple decay scheme, the best
examples being “Co and *¥Y. Additional nuclei
have been identified to enlarge the energy region in
which the coincidence method can be used. After
assessing the list of radionuclides recommended for
the present CRP, we have selected 11 radionuclides
suitable for detector calibration by means of the
coincidence method. The selection criteria were as
follows: a simple decay scheme with a cascade of
two y rays; high emission probability P, of the first
transition J in the cascade; high emission
probability P,  of the coincident y; transition; decay
involved only low spin states; low multipolarities of
cascading y rays; and broad energy range. These
nuclei are summarized in Table IV-1, where the
energies of the cascading y rays as well as the
emission probabilities are listed.

IV-4. CALCULATION OF ANGULAR
CORRELATION COEFFICIENTS

The angular distribution of y rays of different
multipolarities emitted in transitions between
individually oriented levels is well understood and
has been described in detail in numerous articles
[IV-1 to IV-3]. Angular correlation in a
coincidence experiment is a special case of angular
distribution, in which usually we take the direction
of the firsty ray as the quantization axis. Since we do
not have any information on the random
orientation of decaying nucleus and the polarization
of the yray the contributions of all subprocesses are
summed in the derivation of angular correlation.
The angular correlation of two successive y rays is
given by [[V-2]:

W(0)= Ay (75 41.25.0,.7 )Py (cos®)
k

Ak (Jz»)“]’lz»]]vjo)z Fy (Jz’)“z»Jl)Fk (10’2’1"]1)
Koy =Min{22,,21,,2J}



TABLE IV-1. ENERGY LEVELS E, y RAY ENERGIES E, AND y RAY EMISSION PROBABILITIES

P, AND P, FOR SELECTED SOURCES

Parent E, Eyz P 72 Ey E71 P 712
(keV) (keV) (per decay) (keV) (keV) (per )
2Na 4122.9 2754.03 0.99872 1368.7 1368.63 1.00
4Sc 2009.8 1120.54 0.99986 889.3 889.27 1.00
Co 2505.8 1173.23 0.9985 1332.50 1332.49 1.00
%Ga 3791.2 2751.84 0.227 1039.39 1039.22 1.00
5Se 400.7 136.00 0.582 264.7 264.66 0.981(4)
8y 2734.1 898.04 0.939 1836.1 1836.05 1.00
%Nb 1573.7 702.64 0.9982 871.1 871.11 1.00
Hyp 416.7 171.28 0.9066 245.40 245.4 1.00
134Cs 1400.6 795.83 0.855 604.72 604.72 1.00
132Ey 1123.2 778.90 0.1296 3443 344.28 1.00
W7Bj 1633.4 1063.66 0.7458 569.7 569.7 1.00

where F, are combinations of the Clebsch-Gordan
and Racah coefficients:

F(JA ;) = =170 2741 (24+1)

x (212 —1| k0>W( T A0k, )

[ Mt M A

that take care for all vector addition rules, and
P,(cos ¥) are Legendre polynomials. When one of
the transitions is a mixed multipole type (1,4'), the
formal expression for W(®¥) remains the same but
the coefficients A,, are calculated as a sum of
generalized functions F), for both multipolarities
A,A" weighted by the mixing ratio o:

1
1+62

X[ F (1,200, )+ 28 F (1,200, )+ 82 F (1,027, )]

A (TN )=

F (1,000, ) =117 (20, +1) (22 +1) (24 + 1)
X (A4 —1| kO)W(Jl.Ji/M‘;ka )
Angular correlation coefficients were calculated

according to the formulas given above. Input data
for the calculations are summarized in Table IV-2.

IV-5. CORRECTIONS

Equation (IV-1) is derived on the basis of
some rather simplified assumptions, and several
corrections should be applied in the real experi-
ments. Two of the most important corrections are
for the finite volume of both detectors, and for
coincidence summing.

The finite volume of both detectors smears the
relative angle ¥ of the two detectors. Two photons
emitted by the source during the same event may be
detected by a single detector. Under such circum-
stances, the energy deposited in a single detector
may be higher than the full energy peak of the
single y ray, reducing the full energy peak rate.
When the coincidence summing effects are
important, Eq. (IV-1) should be replaced in the
case of two y rays by the following expression:

N, =52(E2)(1_85(E1))A
Ny, =Sf(El)gz(Ez)PyuAW(ﬁ)F(Qsz’ﬁ)

from which the following equation can be derived:

_Np (1—3§(E1))
N, P,,W(0)F(Q,,Q,,9)

ei(E,) (IV-3)
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TABLE IV-2. INPUT DATA FOR CALCULATION OF THE ANGULAR CORRELATION COEFFI-
CIENTS: E,, Av AND 6 ARE THE ENERGY, MULTIPOLARITY AND MIXING RATIO OF THE i-th
yRAY, RESPECTIVELY; J7, J* AND J7 ARE THE SPIN AND PARITY OF THE INITIAL, INTERME-

DIATE AND FINAL STATE, RESPECTIVELY

Parent E, (keV) LV, 5, E, (keV) A ) Jr Jr J
2Na 2754.03 [E2] 1.0 1368.63 E2 1.0 4* 2" 0*
43¢ 1120.55 E2 1.0 889.28 E2 1.0 4+ 2" 0"
0Co 1173.24 E2(+M3) -0.0025(22) 1332.5 E2 1.0 4* 2" 0*
%Ga 2751.85 MI1+E2 -0.09(3) 1039.30 E2 1.0 1 2" 0"
3Se 136.00 El 1.0 264.66 M1+E2 -0.07(2) 5/2* 3/2- 3/2-
8y 898.04 El 1.0 1836.06 E2 1.0 3" 2" 0"
%Nb 702.62 E2 1.0 871.09 E2 1.0 4* 2" 0*
p 171.28 M1+E2 -0.144(3) 2454 E2 1.0 712" 5/2F 12*
13¢Cs 795.86 E2 1.0 604.7 E2 1.0 4* 2" 0*
152By 778.90 E1(+M2) 0.002(6) 344.28 E2 1.0 3" 2" 0"
207B4 1063.66 M4+ES5 0.03(1) 569.7 E2 1.0 132 5727 1/2-

where g(E;) is the photopeak efficiency of detector i
for gamma ray y with energy E,, €(E)) is the total
efficiency of detector i for gamma ray ¥, P, is the
emission probability of gamma ray 7y per single
emited photon 7, (1 - &(E))) is a correction factor
for coincidence summing in detector d;, and F(Q,,
Q,,9) is the correction factor for the finite solid
angle of both detectors Q,, Q, at relative angle 0.
Full energy peak efficiency is given by the
relationship:
&=fi€
where f; is the peak to total ratio, measured at the
given energy in a separate experiment.

Consider two HPGe detectors with 50%
relative efficiency at 1.33 MeV (typical crystal
diameter of 65 mm, and length 60 mm) and a

distance of 25 cm from the ®’Co source with a
relative angle of 125° the coincidence summing
correction is lower than 0.5%. Furthermore, for two
detectors with 100% efficiency (typical crystal
diameter of 82 mm and length 70 mm), the
coincidence summing correction at the same
distance is still lower than 1%.

The correlation coefficients were calculated at
fixed detector angles without taking into account
the finite solid angle of both detectors. Corrections
for finite solid angle depend on the solid angles
subtended by both detectors, the angular
correlation function, and their relative angle.
Typical correction factors for two identical
detectors, both with either 50% or 100% relative
efficiency at a distance of 25cm from the
radioactive source (*Co and ?"Bi) and two
different relative angles are given in Table IV-3.

TABLE 1V-3. EXAMPLES OF FINITE SOLID ANGLE CORRECTIONS
F(Q,,Q,,%), DEFINED IN EQ. (IV-3) FOR EXPERIMENTAL SET-UPS
WITH TWO DIFFERENT DETECTOR SIZES (50% AND 100% RELATIVE
EFFICIENCY), AND TWO DIFFERENT RADIOACTIVE SOURCES (*Co
and ?’Bi) AT TWO RELATIVE ANGLES OF 90° AND 124.7°

Detector relative “Co *7Bi

efficiency (%) 90° 124.7° 90° 124.7°
50 0.953589 0.996079 0.886792 1.004591

100 0.954504 0.996725 0.889816 1.005005
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The corrections for the finite solid angle
depend on the angular correlations, size of the
detectors and their relative angle (see Table IV-3).
At an angle of 124.7°, at which the second Legendre
polynomial equals zero, the correction is lower than
1% in all instances, whereas the correction can
reach values greater than 10% at an angle of 90°.
The finite solid angle correction is more dominant
at larger distances and a relative angle of 90°; at
shorter distances the coincidence summing effects
start to become important. The best experimental
practice would be to measure the efficiency at an
angle of 54.7 or 124.7°, where both correlation
effects as well as the correction are minimized.
Corrections for coincidence summing are lower at
larger source—detector distances.

All corrections can be calculated by Monte
Carlo techniques. Several codes are available,
probably the most advanced of them being the
GESPECOR code [IV—4, IV-5].
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EVALUATIONS

Suitable sources with two strong cascading
y rays were identified from the CRP set of
recommended decay data: 2Na, “Sc, “Co, %Ga,
3Se, 8Y, %Nb, !!!In, 13Cs, 5?Eu and *’Bi. Angular
correlation coefficients were evaluated for the
cascade of two selected y rays in every source,
covering the energy range from 136 to 2750 keV.
The correlation coefficients A,, (as defined in
Eq. (IV-2)) are evaluated and their recommended
values given for the above mentioned sources.

24N a

Recommended data:

SELECTED y RAYS IN TRANSITIONS
BETWEEN LEVELS 4" - 2" — 0*

E, (keV) P, per decay Multipolarity
2754.0 0.99872(8) E2(+M3)
1368.6 0.999935(5) E2

Angular correlation coefficients

A,, =0.10204
A, =0.00907
Input data:

MEASURED, EVALUATED AND
THEORETICAL ANGULAR CORRELATION
COEFFICIENTS

CC Theory

A, 0.10204

Ay 0.00907
REFERENCES

No experimental data available.
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46S ¢
Recommended data:

SELECTED y RAYS IN TRANSITIONS
BETWEEN LEVELS 4" — 2" — (0*

E, (keV) P, per decay Multipolarity
1120.5 0.99986 (+4-36) E2
889.3 0.999833(5) E2

Angular correlation coefficients

A, =0.10204
Ay, = 0.00907

Input data:

MEASURED, EVALUATED AND
THEORETICAL ANGULAR CORRELATION
COEFFICIENTS

CC Theory

A, 0.10204

Ay 0.00907
REFERENCES

No experimental data available.

152

60C o
Recommended data:

SELECTED y RAYS IN TRANSITIONS
BETWEEN LEVELS 4" — 2" — 0*

E, (keV) P, per decay Multipolarity
1173.2 0.9985(3) E2(+M3)
13325 0.999826(6) E2

Angular correlation coefficients

A,, = 0.10204
A, = 0.00907

Input data

MEASURED, EVALUATED AND
THEORETICAL ANGULAR CORRELATION
COEFFICIENTS

cc (1] (2] (3]
A, 0.1015(32) 0.101(3) 0.167(1)
Ay 0.095(3) 0.014(4) —
CcC [4] Evaluated Theory
A, 0.120(52) 0.1012(22) 0.10204
Ay 0.043(59) 0.0658(24) 0.00907
REFERENCES

[1] HATTULA, J., KANTELE, J., SARMANTO, A.,
Nucl. Instrum. Methods 65 (1968) 77.

[2] LARSEN, I.T., SCHICK, W.C., TALBERT, W.L.,
HADDAD, D.I., Nucl. Instrum. Methods 69 (1969)
229.

[3] LAWSON,J.S., FRAUENFELDER, H., Phys. Rev.
91 (1953) 649.

[4] KRAUSHAAR, JJ., GOLDHABER, M., Phys.
Rev. 89 (1953) 1081.



66Ga
Recommended data:

SELECTED y RAYS IN TRANSITIONS
BETWEEN LEVELS 1" — 2" — 0*

E, (keV) P, per decay Multipolarity
2751.8 0.227(18) M1+E2
1039.2 0.37(3) E2

Angular correlation coefficients

A,, =-0.24552
A, =-0.00001
Input data:

MEASURED, EVALUATED AND
THEORETICAL ANGULAR CORRELATION
COEFFICIENTS

CC [1] Theory

A, -0.15(3) -0.24552

Ay — -0.00001
REFERENCE

[1] SCHWARZSCHILD, A., GRODZINS, L., Phys.
Rev. 119 (1960) 276.
7SSe
Recommended data:

SELECTED y RAYS IN TRANSITIONS
BETWEEN LEVELS 5/2* — 3/2~ — 3/2°

E, (keV) P, per decay Multipolarity
136.0 0.582(7) El
264.7 0.589(3) MI1+E2

Angular correlation coefficients

A,, =-0.03312
A,, = 0.0000

Input data:

MEASURED, EVALUATED AND
THEORETICAL ANGULAR CORRELATION
COEFFICIENTS

cC (1] (2] 3]
A, -0.033(1) -0.019(2) 0.016(30)
Ay 0.001(2) -0.012(12) —
cc (4] [5] [6]
A, -0.011(9) —-0.033(4) -0.0302(29)
Ay — 0.001(9) 0.0036(56)
CC Evaluated Theory
Ay, —-0.028(4) -0.03312
Ay 0.0015(18) 0.0000
REFERENCES
[1] SPEIDEL, K.-H., et al., Nucl. Phys. A115 (1968)
421.
[2] SCHARDT, A.W., WELKER, J.P, Phys. Rev. 99
(1955) 810.

[3] KELLY, H.W.,, WIEDENBECK, M.L., Phys. Rev.
102 (1956) 1130.

[4] VAN DEN BOLD, H.C., VAN DEN GEIN, I,
ENDT, PM., Physica 24 (1958) 23.

[S] REASIDE, D.E., LUDINGTON, M.A., REIDY,
JJ, WIEDENBECK, M.L., Nucl. Phys. A130
(1969) 677.

[6] BECKER, A.L, STEFFEN, R.M., Phys. Rev. 180
(1969) 1043.
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88Y
Recommended data:

SELECTED y RAYS IN TRANSITIONS
BETWEEN LEVELS 37 - 2* - 0*

E, (keV) P, per decay Multipolarity
898.0 0.9390(23) El
1836.1 0.9938(3) E2

Angular correlation coefficients

A, =-0.0714
A, = 0.0000

Input data:

MEASURED, EVALUATED AND
THEORETICAL ANGULAR CORRELATION
COEFFICIENTS

94Nb
Recommended data:

SELECTED y RAYS IN TRANSITIONS
BETWEEN LEVELS 4" — 2" — 0*

E, (keV) P, per decay Multipolarity
702.6 0.99815(6) E2
871.1 0.99892(3) E2

Angular correlation coefficients

A,, =0.10204
A, = 0.00907

Input data:

MEASURED, EVALUATED AND
THEORETICAL ANGULAR CORRELATION
COEFFICIENTS

cc (1] (2] (3]

A, -0.073(10)  -0.0784(42)  -0.0685(28)

Ay -0.02(2) 0.0037(25) -0.0045(42)

CC [4] Evaluated Theory

A,y -0.065(3) -0.0692(32) -0.0714

A, ~0.002(3) ~0.0009(19) 0.0000
REFERENCES

[1] HATTULA, J., KANTELE, J., SARMANTO, A.,
Nucl. Instrum. Methods 65 (1968) 77.

[2] HESS, A., SCHNEIDER, H., Z. Phys. 262 (1973)
231.

[3] KLEMA, E.D., Phys. Rev. 102 (1956) 449.

[4] STEFFEN, R.M., Phys. Rev. 90 (1953) 321.

154

cc (1] (2] (3]

A, 0.101(17) 0.101(3) 0.0865(80)

Ay 0.023(43) 0.0121(43)  0.0243(125)

CC [4] Evaluated Theory

A, 0.0965(76) 0.0968(34) 0.10204

A, 0.019(11) 0.0141(38) 0.00907
REFERENCES

[1] KUEBBING, R.A., CASPER, K.J, Nucl. Phys.
A98 (1967) 75.

[2] REICH, C.W.,, SCHUMAN, R.P, HEATH, R.L,,
Phys. Rev. 129 (1963) 829.

[3] BERNSTEIN, H., FORSTER, H.H., Nucl. Phys. 24
(1961) 601.

[4] YIN, LI, SUND, R.E., ARNS, R.G.,, WIEDEN-
BECK, M.L., Nucl. Phys. 34 (1962) 588.



lllln
Recommended data:

SELECTED y RAYS IN TRANSITIONS
BETWEEN LEVELS 7/2* — 52" — 1/2*

E, (keV) P, per decay Multipolarity
171.3 0.9066(25) MI1+E2
245.4 0.9409(6) E2

Angular correlation coefficients

A,,=-0.0714
Ay, = 0.0000

Input data:

MEASURED, EVALUATED AND
THEORETICAL ANGULAR CORRELATION
COEFFICIENTS

CC [1] Theory

A, -0.180(2) 0.03122

A, 0.002(3) ~0.00147
REFERENCE

[1] STEFFEN, R.M., Phys. Rev. 103 (1956) 116.

134CS
Recommended data:

SELECTED y RAYS IN TRANSITIONS
BETWEEN LEVELS 4" — 2" — 0*

E, (keV) P, per decay Multipolarity
795.8 0.855(3) E2
604.7 0.97650(18) E2

Angular correlation coefficients

A,,=0.10204
Ay, = 0.00907

Input data:

MEASURED, EVALUATED AND
THEORETICAL ANGULAR CORRELATION
COEFFICIENTS

cCc (1] (2] (3]

A, 0.101(8) 0.102(9) 0.095(9)

Ay -0.002(12) 0.008(16) 0.009(16)

CC Evaluated Theory

Ay 0.0968(34) 0.10204

Ay 0.0141(38) 0.00907
REFERENCES

[1] STEWART, M.G., SCHARENBERG, RUP,
WIEDENBECK, M.L., Phys. Rev. 99 (1955) 691.

[2] BEHAR, M., STEFFEN, RM., TELESCO, C.,
Nucl. Phys. A192 (1972) 218.

[3] HOFFMANN,S., WALTER, H.V., WEITSCH, A.,
Z. Phys. 230 (1970) 37.
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152p,
Recommended data:

SELECTED y RAYS IN TRANSITIONS
BETWEEN LEVELS 3" - 2" - 0"

E, (keV) P, per decay Multipolarity
778.9 0.1296(6) E1(+E2)
3443 0.2658(12) E2

Angular correlation coefficients

A,, =-0.0730
A, = 0.0000

Input data:

MEASURED, EVALUATED AND
THEORETICAL ANGULAR CORRELATION
COEFFICIENTS

CC (1] (2] 3] [4]

A, -0.074(5) -0070(5)  -0.074(5) -0.073(3)
Ay, 0.0000) 0.002(7) 0.000(0) -

CcC [5] [6] Evaluated Theory

A,, -0.081(13) -0.074(10)  -0.0730(19) -0.07299

Ay - - 0.002(7)  0.0000
REFERENCES

[1] ZGANIJAR, E.P, GEORGE, TM., HAMILTON,
JH., Nucl. Phys. A114 (1968) 609.

[2] HELPPI, H., PAKKANEN, A., HATTULA, I,
Nucl. Phys. A247 (1975) 317.

[3] NASIR, HM., GRABOWSKI, Z.W., STEFFEN,
R.M., Phys. Rev. 162 (1967) 1118.

[4] HAMILTON, JH., ZGANJAR, E.F., GEORGE,
TM., HIBBITS, W.H., Phys. Rev. Lett. 14 (1965)

567.

[S| LIDE, R.W., WIEDENBECK, M.L., Phys. Rev.
113 (1959) 840.

[6] DEBRUNNER, P, KUNDIG, W., Helv. Phys. Acta
33 (1960) 395.
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2074
Recommended data:

SELECTED y RAYS IN TRANSITIONS
BETWEEN LEVELS 13/2" — 5/27 — 1/2°

E, (keV) P, per decay Multipolarity
1063.7 0.7458(49) M4+ES
569.7 0.9776(3) E2

Angular correlation coefficients

A,, =0.22078
Ay =-0.01798

Input data:

MEASURED, EVALUATED AND
THEORETICAL ANGULAR CORRELATION
COEFFICIENTS

cc (1] (2] (3] (4]

Ay, 0.235(3)  0.232(7)  0.204(5) 0.2181(32)

Ay -0.0294) -0.022(3) -0.004(3)  —-0.0209

cc [5] (6] 7] [8]

Ay, 0.204(6)  0.215(5)  0.220(3)  0.232(2)

Ay 0.025(7)  0.007(7) -0.038(4) —0.022(2)

CC [9] Evaluated Theory

Ay 0227(3)  0.224(29) 0.22078

Ay -0.018(8) -0.023(5) -0.01798
REFERENCES

[1] KAPLAN, M., WILSON, E.J., Phys. Rev. C9 (1974)
1653.

[2] KORNER, H.J., AUERBACH, K., BRAUNS-
FURTH, J., GERDAU, E., Nucl. Phys. 86 (1966)
395.

[3] KUMAR, A., SONI, SK. PANCHOLI, S.C.,
GUPTA, S.L., Phys. Rev. C15 (1977) 1852.

[4] McGOWAN, FK., CAMPBELL, E.C., Phys. Rev.
92 (1953) 523.

[S] GUSTAFFSON, S, JOHANSSON, K.,
KARLSSON, E., SVENSSON, A.G., Phys. Lett. 10
(1964) 191.

[6] KLEINHEINZ,P, et al., Nucl. Phys. A93 (1967) 63.



BOSCH, H.E., GATO, LF, BEHAR, N,
GARCIA, G.J., Phys. Rev. C1 (1970) 242.
BARGHOLTZ, C., ERIKSSON, L., GIDEFELDT,
L., Phys. Scr. 7 (1973) 254.
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Annex V

COVARIANCE ANALYSIS BY MEANS OF THE LEAST SQUARES METHOD

V.R. Vanin, O.A.M. Helene

Instituto de Fisica, Universidade de Sao Paulo, Brazil

V-1. CORRELATIONS AND COVARIANCE
MATRICES

A summary of the use and propagation of
covariance matrices is given below. Since detector
calibration is almost invariably performed within
the framework of the least squares method (LSM),
this procedure has been reviewed by means of a
matrix approach which is adopted to account for the
covariances. The determination of the correlation
between y ray intensities in spectroscopic
experiments is described in Section V-8, following
presentation of the necessary inputs in the earlier
sections. Illustrative examples from <y ray
spectroscopy are used throughout the text.
Complete discussions of the related statistical issues
are given in various publications such as Refs [V-1,
V-2], and a concise summary can be found in
Appendices E and F of Ref. [V-3].

V-2. COVARIANCE MATRIX: USE AND
CALCULATION

Proper evaluation of the uncertainty of a value
based on two or more correlated data must take the
correlations into account. Also, the correlation
between quantities depends on both their uncer-
tainties and the correlations of the data on which
they depend.

V-2.1. Covariance matrix

Correlations or covariances between many
random quantities can be concisely stored in a
matrix. Hence the covariance matrix of n experi-
mental values of physical quantities z;, z, ...... Z,1sa
square symmetric matrix V:

158

ol cov(z,,2,) cov(zy.2,,)
_| cov(z1.2,) o; ... cov(z,,2,)
cov(zy,2,) cov(z5.2,) ... ol
(V-1)

where the diagonal element on row and column i is
the variance of z,, and the off-diagonal element on i,
J is the covariance between z; and z;. Formally, we
have

cov(zl.,zj):(eiej> (V-2)

where g is the error in z; (i.e. difference between the
experimental value and true (unknown) value of the
physical quantity), and (x) represents the expected
value of the random variable x.

The standard deviation of z; is defined as the
positive square root of the appropriate diagonal
term of the covariance matrix, and the correlation
coefficient between two quantities z; and z; is the a-
dimensional quantity given by

Cov|Z;,2;
Pij =% (V-3)

This correlation coefficient ranges from -1 to
+1, and is a measure of the linear association
between the experimental results z; and z;
Normally, when p;> 0 and z; is underestimated
(overestimated), z; is probably underestimated
(overestimated) as well. The inverse occurs when
p; < 0:if z; is overestimated (underestimated), z; is
probably underestimated (overestimated).

The correlation coefficient between two statis-
tically independent quantities vanishes. Even if the
converse is true for normal distributed data, there
are circumstances when this statement is not true
(i.e. p; = 0 does not imply that z; and z; are statisti-
cally independent).



V-2.2. Covariance propagation formula: Linear case

Consider a set of n data stored in a column
vector such that 7' = (z;, 2, ... z,), where the
superscript ¢ represents transpose, and a set of m
known linear functions w,;=w; (z;, 25 ...... z,),i=1,
2. m. The adopted values of w; are given by the
values of the functions calculated in the experi-
mental point Z. We can write these linear relations
in a matrix form as

W=, + D7 (V-4)

and v?z'k is a column vector of exact and known
values. The covariance matrix of the calculated
functions w; is given by

vV, =D-V,-D' (V=6)

where V_ is the covariance matrix of Z.

Equation (V-6) is a generalization of the
popular uncertainty propagation formula and is not
restricted to normal distributed data (valid
whenever V, is known independently of the
probability distribution function of the gz
quantities). However, when the data are normally
distributed, the calculated function values are also
normally distributed.

V-2.3. Variance propagation in cascade crossover
relations: Example

When determining the variance in the energy
of the gamma crossover from the cascading vy rays,
the covariance between the energies plays an
important role. Consider the level scheme of Fig. V-1:
the energies of the first two excited levels can be
calculated on the basis of the two y ray energies £,
= 411.111(10) keV and E, = 110.455(12) keV with
covariance —6.0 x 10~ keV?, and the covariance
matrix of the level energies can be derived.

Neglecting recoil for simplicity (also does
not affect the statistical behaviour of the
quantities), £y = E,; and E, = E,; + E;,. Defining

FIG. V-1. Level scheme for cascade crossover.

the data vector as E ; = (E,4, Ep), the transfor-
mation matrix is

0 1
D =
11
and the y ray energies covariance matrix is given by

Y

100 —60
—60 144

J-lO‘(’ keV?

The level energies E ! =(E,, E,) are calculated as

R R 0 1) (411.111 110.455
4 1 1)1110.455 521.566
with covariance matrix

. (0 1), (100 —60) (0 T

V,=DV, D'= 10 .
v 11 60 144 ) (1 1
_(144 84

J10-6 keV?

84 124

Therefore, the energy of the second excited level is
521.566(11) keV, which is the energy of the y
crossover when recoil is neglected. However, if the
variance was incorrectly calculated as the sum of the
variances of the two cascading yrays neglecting
covariance (100 + 144 = 244 eV?), the standard
deviation would be 16 eV and overestimated by
about 40%.

V-2.4. Covariance propagation formula: Non-
linear case

When the functions w; (z;, 2 -..... z,,) are non-

linear in z;, the matrix D in the variance propagation
formula is approximately given by
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D, =dw,[dz, (V-7)

where the derivatives are evaluated at the experi-
mental vector values (2] 5 S fn) Equation (V-6)
becomes an approximation, which is valid when the
functions are approximately linear in the range of a
few o; around Zz,, a few o, around Z,, etc.

V-2.5. Gamma ray relative intensity: Example

The uncertainty of the intensity ratio r = I,/1,,
where I, and [, are y ray intensities in any scale,
depends on the covariance between the intensities.
For example, consider /, = 0.37(3) and 7, = 0.630(9)
with correlation coefficient p = 0.88; the matrix of
the derivatives (D) has only one row and two
columns:

D= (8r/8[1 &r/&lz)
(1/0.630 -0.37/0.630%) =(1.59 -0.93)

The covariance matrix of r is a 1 x 1 matrix
whose single element is the variance of r. Since
cov(l,, I,) = po,0, and using Eq. (V-6), an approxi-
mation can be derived:

, (90 238)( 159

62=(159 -0.93)-10 :

’ 238 0.81)(-0.93
=0.0016

The experimental result for the ratio is 0.59(4). If
the covariance term is erroneously omitted:

(1.59-0.03)” +(~0.93-0.009)* = 0.00235

which results in a standard deviation of ~0.05 that is
overestimated by about 25%.

V-3. MATRIX APPROACH TO THE LSM:
LINEAR CASE

V-3.1. Least squares estimate for the linear model

Consider a set of n experimental quantities
(V1 Yy coeee y,) related linearly to m parameters
with true and unknown values of (a,;, g, -..... Agp)s
and n x m known values x; The relationship
between the experimental values and the
parameters can be written as
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Y1 =00 X TapXp et a4y, Xy, te

Yo = Ay Xy T apXyy tet g, Xy, €,

Yu =001 X TApXpp +et g, Xy, T, (V_8 ')

where e; is the unknown experimental error of y;
i - 2 2

with <ei> =0, <el. > =0; and <eiej> = cov(yi,yj).

These observational equations of the linear model

can be written in matrix form as

Y1 n X X1m u €
01
3%) X1 X» Xom . )
= : +
a
Oom
yn xnl xn2 xnm en (V—S)

Defining the vector of observations as
V' =¥y e y,)- the vector of parameters to be
estlmated as Al = (NN - a,,) .the design
matrix X formed by the independent variables as X,
and the vector of errors as ¢, Eq. (V-8) can be
rewritten as

y=X-A,+¢ (V-9)

Thus, for a straight line given by y = y(x) = a + bx
with experimental points (x,, y,) fori=1, 2, 3, 4, the
observational linear equations are

yy=a+bx, +e,
vy, =a+bx, +e,
y3=a+bx;+e,

y,=a+bx,+e,

to give the following vector of observations and
design matrix:

Y1 I x
o |y 1 x,
y: X:

V3 1 x5

V4 1 x4

The LSM estimate of ;10, A is obtained by
minimizing

O(A)=(-X-A) -V (5-X-A) (V-10)

with respect to all A,. This quadratic form in A, has
the solution



A=(x*vix)yl.xt.v1ly (V-11)
Using Eq. (V-6) we can verify that the covariance
matrix of A is given by
V.=X"v1lx)! (V-12)
The estimate given in Eq. (V-11) is more precisely
determined by solving the set of linear algebraic
equations

X' Vv9ix)Ad=x'v1ly

because they require much less calculational effort
than the inversion of (X*-V1.X).

V-3.2. Properties of the least squares estimate

The LSM estimate A has some important and
practical properties.

(a) 2 is unbiased:

As a consequence of the statistical fluctuation
in the experimental data, the LSM estimate of
the true value 20 fluctuates; both ;> a,; and 4,
< a,; will be calculated. However, the expected
value of g, is equal to the true (and unknown)
value g, in the linear case, which is expressed
by the formula <ai> =a,, and, generally,

This behavior is called unbiasedness,
sometimes interpreted as the absence of
systematic  uncertainty. However, this
property does not hold when fitting functions
that are non-linear in the parameters unless
some specific conditions are satisfied (see
Sections V-5, V-7.1).

(b) Minimum variance:

The least squares estimate is the linear
estimate with minimum variance. No other
linear estimate of a,, has variance smaller than
the variance of the LS estimate. This result is
true for any i as well as for any linear
combination of the fitted parameters.

(©)

(d)

(e)

)

Non-normal data:

Equations (V-11) and (V-12), as well as
properties (a) and (b) above, are valid whether
the data are normally distributed or not. Those
equations are also valid when the different y,
follow different probability distributions.

Normal data:

When the experimental data obey normal
distributions, the adjusted parameters obey
normal distributions. Property (b) above
becomes stronger for normal data: there is no
other estimate with smaller variance (i.e. no
matter how the data have been combined,
estimates of non-LSM linear combinations
will be less precise).

Asymptotic normality of the estimates:

The central limit theorem can be applied to
the linear equations (Eq. (V-11)): for large n,
every fitted parameter 4; is normally
distributed and independent of the distri-
bution of the experimental data, assuming that
many data points contribute to the estimate d;.
Although the theorem assumes that the
estimates are normal only when n — oo, the
probability density function of the fitted
parameters is approximately normal even for
a few data and especially when the data are
nearly normal.

Goodness of fit test:

Perhaps the % test is the most popular test of
fit in experimental physics. When the experi-
mental data follow a normal distribution, the
statistics

;cz:(i—X-A) ~V*1-(9—X-f1) (V-13)

follow a chi-square distribution with v =n - m
degrees of freedom. The expected value of x>
is equal to v with a standard deviation of \/E .
A table of the y? cumulative distribution must
be consulted in order to use the y’ test.
Generally, y* fluctuates a few standard

deviations around v.
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V—-4. LSM WORKED EXAMPLES WITH
LINEAR FUNCTIONS

When dealing with the LSM, the basic aim is
to prepare the linear model equations (Eq. (V-8))
and identify the vector y and the matrices X and V.
Some simple examples are shown in this section
with correlated data or results.

V-4.1. Mean of correlated data

Consider n observations (y;, ¥, ...... y,) of the
same physical quantity with covariance matrix V
given by V; = ¢® and V= p-o® for i #j. The linear
model equations (Eq. (V-8')) are

Y1=Yote
Yy =Yg te,
Yn=Yote, (V-14)

where y, is the true and unknown value of the
physical quantity. Design matrix X is

X=|. (V-15)

Using Eq. (V-11), the fitted value is
y = li (V-16)
y e Vi

which is the usual result, with the variance given by
Eq. (V-12):

_ —(P”"; +1)o* (V-17)

o

S

that is not evident for n>1 but shows that the
precision of the mean of correlated data is limited
by the correlation coefficient: when n — o,

2 2
o; > po (V-18)
which is a physically sound result. Incorrect

asymptotic behaviour occurs when the covariances
are neglected and has rather surprisingly been used
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to argue against using strict statistical methods in
experimental physics.

V-4.2. Signal and noise measurement

Consider two observations (y; and y,) of a
signal (s,) in the presence of background (b,), and
two other observations (y; and y,) of the
background (b,). The determination of the adopted
signal value and uncertainty can be simplified by
assuming that the standard deviation of y; is equal to
1 for every i and the data are uncorrelated.

There are two approaches to this problem:

(1) We can determine the adopted values of the
signal plus background and of the background
by the LSM, and then calculate the adopted
value of the signal by using the difference
between the two results:

Yity, Y3ty
2 2

U

(V-19)

By using Eq. (V-6), we obtain

Y
I
—_

(V-20)

(2) Another possibility is to apply the LSM
directly for A} =(s,.b,). Thus, we have

¥'=(¥1,Y5¥3y,) and

(V-21)

O O =
— = =

Using Egs (V-11), (V-12), we obtain the same
results as given in Eqgs (V-19), (V-20).

Both approaches give the same result and
illustrate the uniqueness of the LSM: the interme-
diate steps adopted in the application of the LSM in
the linear problem are irrelevant.

V-4.3. Using the covariances in a relative efficiency
calibration

The use of covariances between y ray emission
probabilities can be demonstrated by interpolating



the detection efficiency at energies between the
v lines of **Nb, and assuming that the logarithm of
the efficiency is linear over the logarithm of the
energy. This hypothesis is reasonable for the small
energy range considered [V—4].

The efficiencies ¢ and ¢, at the energies of the
y ray emissions following *Nb decay of E, =
871.1 keV and E, = 702.6 keV, respectively, can be
calculated from the peak areas A; and the emission
probabilities p;:

A, A
g,=C,~L=C—L (V-22)

P P;

n

where C, and C, are proportionality constants that
include all required corrections. Although C, and C,
are most likely different in a precise measurement,
these values can be considered equal for both
transitions in the calculation of the standard
deviations; hence we assume C;#C, when
calculating the efficiencies, but C; = C, = C in the
calculation of variances.

The efficiency relative to the value at E, is
assumed to be given by the equation

n-E—pmL (V-23)
€ E,

and the coefficient b is related to the data by

E C.A A
pin=2 = In—2L P2 o S P2 (v
E, C,A, Py A, Py

where the first expression is used to estimate the
efficiency, and the second expression is adopted to

determine the standard deviation of the efficiency
using Eq. (V-6) to give

(V-25)

This formula was derived by assuming that the peak
areas A, and A, are statistically independent, and

the standard deviation of the ratio of the two
emission probabilities is given by

2 2
" [&J _n [ﬁ} *(G_ZJ 2,%1%2  (v-26)
Py Py \\ Py 5] P P
where o; and o, are the standard deviations, and pis
the correlation coefficient between p, and p,.
The standard deviation of the relative

efficiency interpolated at energy E can be
calculated from Eq. (V-23) and g, to be

ol El=fto,mE (V=27)
€1) & E,

A positive correlation coefficient p reduces
the contribution of the uncertainties of the emission
probabilities to the uncertainty in the interpolated
relative efficiency, because of the negative term in
Eq. (V-25). However, there is no point in taking
into account the covariance in the efficiency
calibration for **Nb because of the negligible contri-
bution of the uncertainties in the y ray emission
probabilities to the efficiency uncertainty. Also note
the possible effect of the covariance when the
relative standard deviations in p, and p, are equal
and p approaches 1, resulting in the last three terms
in the square brackets of Eq. (V-25), cancelling
each other out.

V-5. FITTING NON-LINEAR FUNCTIONS BY
THE LSM

V-5.1. Reduction to the linear case

The relationship between the experimental
results and the parameters to be fitted is non-linear
in many practical cases (i.e. observational equations
are non-linear). Thus, a first order expansion of the
observational equations has to be used around some
starting values of the parameters to apply the LSM.

Consider the non-linear relationships between
the parameters and the experimental data:

¥ :fi(ﬁ()) = fi(a01’a02"“a0m)’ i=1,2... n (V—28)

where f; are known functions of the parameters.
Developing  f; around starting values

(ay, ’as2""asm)’ we obtain

163



f; f; af;
=fi(ay.ag,,. asm)+(9 1A +%A ) Fe 8am —Aa,,
(V-29)

where the partial derivatives are calculated at the
starting values A - If the functions f; are approxi-
mately linear in the range a,a  + Aa, for every _z:,
the problem reduces to the linear LSM for AA.
Defining

+%Aa + i

8fl
~fidy=5t da, > a

Aa,,
m

(V-30)

reduces the analysis to the linear case, where the
observational equations of the LSM [Eq. (V-8)] are
written with — y* = (y7,y5.....y’,)s

i

X _
i~ 50| (V-31)
J1A

and the derivatives are evaluated at the starting
values of the parameters.

Using Eqs (V-11) and (V-12) we obtain AA
and the associated covariance matrix, and a better
approximation of A is obtained, A A +AA
However, a single iteration is not always sufflclent
to reach the minimum squares, and therefore the
resulting A , value is used as a new starting value
and the calculations are repeated to obtain a new
correction AA.

V-5.2. Iterative procedure

The procedure outlined above does not
converge sufficiently quickly in many cases. A
better iterative method has been proposed by

Marquardt [V-5], with the following steps.

(1) Use starting values A > and calculate the sum
of the squares

o=y vy (V-32)

where y’ is the vector of residuals given by Eq.
(V=30).

(2) Calculate the auxiliary matrix M()) using x;
from Eq. (V-31)

M), =(1+4-8,)- (X" V.X),  (V-33)
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where o, =1 if i = j, and 0 otherwise. Start the
1terat1ve procedure with 2=0.01, and then
calculate a trial vector of corrections to the
starting values,

AM =M. X" vy (V-34)

(3) Calculate ﬁ+:AS+Aﬁ, a new vector of
residuals y’, and

Q'=y." vy, (V-35)

(4) 1If Q’>Q, reject the new value A ,» increase A
by a factor of 10 and return to (2); if O’ <Q,
accept the new value A , as a better estimate
of A and test convergence as described in (5).

(5) Convergence test: If |0’ — Q| << 1 and

da; << (V M)ii

for every i, where V . =(X"-V1-X)7, the
process converged. However, if one of the
above conditions was not satisfied, decrease A
by a factor of 10, substitute Q’ to Q, A to A

and return to (2).

After convergence has been reached, the
variance of the fitted parameters A is given by
Eq. (V-12):

V. =(X"-v1.x)!

using the design matrix X calculated by Eq.
(V-31) with the fitted parameters

_

xij Jda.l -
T4

(V-36)

V-6. LSM APPLIED TO A NON-LINEAR
FUNCTION: HPGe DETECTOR
EFFICIENCY CALIBRATION

V-6.1. Procedure

The logarithm of the efficiency of a HPGe
detector can be well approximated by

b,-In*(EIE,) E<E,

=a,+a, - In(E/E,)+
y=ay+ - In(EE,) {b2~ln2(E/EO) E>E,

(V-37)



Parameters a,, a,, b;, b, and E, will be
determined so that the function fits the experi-
mental data listed in Table V-1 below, taking into
account the correlations given in Table V-2. This

exercise represents a real case of efficiency
calibration for an extended source; details of the
determination of the correlation matrix can be
found in Ref. [V-6].

TABLE V-1. EXPERIMENTAL DETECTOR EFFICIENCY ¢ AS A FUNCTION OF THE y RAY

ENERGY E

E (keV) &(o) E (keV) &(o)
59.5 0.00642(29) 356.0 0.01349(64)
81.0 0.01472(93) 383.9 0.01284(63)

122.1 0.02543(63) 604.7 0.00831(27)

136.5 0.02580(77) 795.8 0.00642(21)

276.4 0.01690(81) 11732 0.00487(14)

302.9 0.01560(73) 13325 0.00436(15)

TABLE V-2. CORRELATION COEFFICIENTS BETWEEN v RAY EFFICIENCIES (ROWS AND

COLUMNS LABELLED BY ENERGY IN keV)

E, 60 81 122 137 277 303 356 384 605 795 1173 1332
60 1.00 0.14 0.35 0.31 0.18 0.19 0.18 0.17 0.28 0.28 0.30 0.24
81 0.14 1.00 0.26 0.21 0.19 0.19 0.19 0.17 0.20 0.20 0.22 0.17
122 0.35 0.26 1.00 0.70 0.33 0.34 0.32 0.32 0.50 0.52 0.56 0.45
137 0.31 0.21 0.70 1.00 0.29 0.28 0.28 0.27 0.43 0.45 0.48 0.39
277 0.18 0.19 0.33 0.29 1.00 0.23 0.23 0.23 0.26 0.26 0.29 0.23
303 0.19 0.19 0.34 0.28 0.23 1.00 0.23 0.24 0.26 0.27 0.29 0.23
356 0.18 0.19 0.32 0.28 0.23 0.23 1.00 0.23 0.26 0.27 0.29 0.23
384 0.17 0.17 0.32 0.27 0.23 0.24 0.23 1.00 0.25 0.25 0.28 0.22
605 0.28 0.20 0.50 0.43 0.26 0.26 0.26 0.25 1.00 0.80 0.43 0.36
795 0.28 0.20 0.52 0.45 0.26 0.27 0.27 0.25 0.80 1.00 0.45 0.34
1173 0.30 0.22 0.56 0.48 0.29 0.29 0.29 0.28 0.43 0.45 1.00 0.80
1332 0.24 0.17 0.45 0.39 0.23 0.23 0.23 0.22 0.36 0.34 0.80 1.00
The design matrix is given by Using the iterative procedure outlined in
Section V-5, and choosing 4, -1, -2, 0.02 and
X, =1 200 keV as the starting Valu‘es fo.r a,, a,, by, b, and
X. —InEJE E,, rfaspectlvely,' the resglts listed in Table V-3 were
2 0 obtained after six iterations.
v - {m2 EJE, forE,<E,
B0 forE, > E, V-6.2. Correlated interpolation
0 forE, <E, . . . .
X, = {lnz FJE for E. > E The efficiency at a given energy is det‘err.nlne'd
£0 £7 0 from Eq. (V-37), and the standard deviation is
B {—aZ/EO -2b,/E,-nE,/E, forE,<E, calculated using the parameter variances and
5o -a,/E,-2b,/E,-nE,JE, forE,>E, correlation coefficients of Table V-3. Interpolated

efficiencies for different energies are correlated. As
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TABLE V-3. FITTED PARAMETERS ALONG WITH THEIR STANDARD DEVIATIONS AND

CORRELATIONS, AND TOTAL CHI-SQUARE

Correlation coefficient

Parameter Value (o)

a b, b, E,(keV)
a, -3.732(30) 1
a, ~0.89(11) 0.57
b, -1.83(15) -0.62 -0.82 1
b, 0.008(45) -0.58 -0.98 0.74 1
E,(keV) 183(15) -0.61 -0.95 0.94 0.89 1
x> 5.8

an example, the covariance matrix of the
efficiencies at 100, 200 and 300 keV is calculated.
Equation (V-37) gives the logarithm of the
efficiency, and we must calculate the covariance
matrix  of the functions &, =exp(y(100)),
£, =exp(y(200)) and &, =exp(y(300)) from the
results of the previous exercise.

Using the values in Table V-3 we can
determine the efficiency values and the matrix of
partial derivatives of the efficiencies with respect to
the fitted parameters:

209 -1263 0.761 0  -0.015
D=107(2212 0.201 0 0018 0.011
1.552  0.770 0 0382 0.007

is required to determine the covariance matrix by
means of Eq. (V-6). The efficiencies at 100, 200 and
300 keV are 0.0210(6), 0.0221(12) and 0.0155(5)
respectively, with the correlation matrix

1.00 -0.16 0.21
R,=|-0.16 1.00 0.80
021 0.80 1.00

If the covariances between the fitted
parameters are neglected, all the standard
deviations are overestimated as 0.0210(29),
0.0221(18) and 0.0155(14) for the efficiency at 100,
200 and 300 keV, respectively.
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V-7. LIMITATIONS OF THE LSM
V-7.1. Bias in non-linear fit

The LSM in the non-linear case is only asymp-
totically unbiased (i.e. the bias in results goes to
zero as the number of data points increases towards
infinity or their variance tends to zero), which
means that the fitted parameters in practical non-
linear cases can be biased. The bias can be removed
in some cases by direct evaluation of the expected
value, but this is not a normal procedure since
sometimes this term depends on the true value of
the measured quantity. Thus, bias is a possibility
that must be carefully investigated in non-linear fits.

V-7.2. Uncertainty in the independent variable

Only the y variables were assumed to be
subject to uncertainties in the presentation of the
LSM given above. However, the x variables are also
subject to statistical fluctuation in many cases.
Although there is no general solution to this
problem, a relatively simple variance propagation
accompanied by an iterative procedure is recom-
mended. A first fit can be achieved by considering
only the uncertainties of the variables y; using the
results obtained in this first fit, effective y uncer-
tainties can be calculated. If y = y(x) is a function of
x and the experimental value x; has a standard
deviation o, the effective variances of y; that
account for the uncertainties in both variables x; and
y; are given by

22 i 2 (V-38)
dx;



where the derivatives must be evaluated at the
observed values.

However, an important limitation of this
approximation occurs when the standard deviation
of the independent variable is not smaller than the
dispersion of the variable. This limitation can be re-
stated: if x,, x, ...... x,, are n independent variables,
unbiased parameter estimates can be obtained
when, for all or many x,,

0% << <x2>—<x>2 (V-39)
where

1
(¥2)=- 2

(x) == x, (V-40)

V-8. DETERMINATION OF COVARIANCES
BETWEEN y RAY INTENSITIES IN
SPECTROSCOPIC MEASUREMENTS

The calculation of the y ray intensity
covariances in y ray spectroscopy is outlined below.
Even if the example developed in this section is
relatively simple, the procedure contains all the
necessary elements for the calculation of the
covariance matrix of a real case.

V-8.1. Data description

Consider the decay scheme depicted in Fig. V-2.
The observed peak-area is A +s’ for each gamma
ray v; that changes to A, +s, after correcting for sum,
pile-up and any other secondary detection effect.
Although the corrections introduce some statistical
dependences between the different values, the
covariances arising from these adjustments can
usually be neglected. Therefore, the covariance
matrix of the net peak areas can be approximated by
the diagonal matrix:

=
I
-
¥

E (keV
(keV) B
550
1/ 340

Y4

W vy 0
C

FIG. V=2. Example of a decay scheme.

where m is the number of y ray transitions.
However, if there are unresolved doublets, the
covariance between the corresponding peak areas
must not be neglected and should be placed in the
appropriate row and column of V,,.

We will assume that the y, rays are observed by
means of a detector whose efficiency was calibrated
using Eq. (V-37), and therefore the parameters
given in Table V-3 of Section V-6 may be used. The
efficiency for each y ray can be interpolated by Eq.
(V-37) by using the appropriate energy to give a set
of values & whose covariance matrix can be
calculated from Eq. (V-6) as shown in Section V-
6.2:

V,=DV,D'

where V,, is the covariance matrix of the fitted
efficiency parameters (Eq. (V-12)) and D is the
matrix of derivatives with respect to the parameters
(Eq. (V-7)). Using the y ray energies deduced from
Fig. V-2, we obtain

13.33 2499 0.2423 0.2064

v <107 2499 1.404 0.8362 0.8166
€ 0.2423 0.8362 0.6927 0.6820
0.2064 0.8166 0.6820 0.6717

Table V-4 lists the peak areas and uncertainties
needed to complete this example.

The y ray intensities can be calculated by
means of the expression:

A,
[=——t v-41
' NF(Azer)e; ( )
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TABLE V-4. PEAK AREAS AND STANDARD
DEVIATIONS (o) USED IN THE EXAMPLE

i Energy (keV) Net area (o)
1 200 529841(923)
2 350 324767(744)
3 540 55873(403)

4 550 689661(1132)

We will disregard the internal conversion
coefficients and assume no B feeding to the ground
state for the sake of brevity. No generality is lost by
ignoring the internal conversion coefficients and the
ground state B feeding fraction, because they
generate an additional set of parameters z that
affects the variance of the normalization factor
(NF), but will not normally introduce any
correlation with the y ray intensities (at least when
studying nuclides adopted for 7y ray detector
calibration when the main decay is via the y rays).

V-8.2. Absolute gamma ray intensities

Considering that the sum of the intensities of
the transitions to the ground state is 1, the normali-
zation factor (NF) for this decay scheme is
determined to be:

A
LA
€y

AL

NF(A.€)==~
1

‘. (V-42)

The determination of the emission intensities
along with their covariances is a problem associated
with a change of variables, with m functions (given
by Eq. (V-41)) of 2m random variables: m net peak
areas and m efficiencies. However, since the
observed peak areas and the interpolated

efficiencies are statistically independent, the matrix
of the total uncertainties in the intensities can be
given by the sum of the variance matrices from
these two primary datasets:

V,=FV,F'+GV,G' (V-43)
where F and G are defined through
al; ol
F,=—-and G, =—- V-44
v 0A, v oe, ( )

which avoid the use of larger matrices to

accommodate all 2m random variables together.
Care must be taken when formulating the

matrices F and G to ensure the correct dependence

on the random variables. For example,

a, I,

L2 g X2
A, A,

de,

I
&

where the minus sign on the derivative with respect
to the efficiency is extremely important, because
this parameter will not be squared in the determi-
nation of the covariances. The other derivatives are
more complicated:

of, I, I}

I]
dA, A, A,

€1

ol
d =L =
o€,

12
+-L
€

Most of the crossed derivatives are not null:

o, Ll
0A, A,

The final results are given in Table V-5.

TABLE V-5. ABSOLUTE EMISSION INTENSITIES AND CORRELATION MATRIX DETERMINED

FOR THE EXAMPLE
Correlation coefficient

id Energy (keV) I=P,

i 1 2 3 4
1 200 0.200(9) 1 0.59 -0.85 -0.999
2 350 0.1993(12) 0.59 1 -0.50 -0.59
3 540 0.0499(7) -0.85 -0.50 1 0.83
4 550 0.751(9) -0.999 -0.59 0.83 1
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Due to the nature of the decay scheme in which vy,
and y, are unique transitions de-exciting a level to
the ground state, normalization induces a strong
statistical correlation between their absolute inten-
sities, as manifested by p;, = —0.999 in Table V-5.

The intensities (/) and the associated
covariance matrix (V,) represent the properly
reduced experimental data (Table V-5 lists the
correlation matrix rather than the covariance matrix
because correlations are quantities easier to
interpret than covariances). This set of values
summarizes and conveys all the statistical
information obtained in the experiment in such a
way that no other data are required for the
calculation of any statistical quantity related to the
decay scheme.

V-8.3. Relative gamma ray intensities

Sometimes only relative intensities are
measured because either the decay scheme is not
sufficiently well known to define an NF or the
relative intensities are much more precise than the
absolute emission probabilities. Under such circum-
stances the covariances of the NF with the
intensities must be provided to allow further
statistical calculations (such as the normalization of
the decay scheme or changing the reference line of
the relative intensities).

The NF for relative intensities is

A
NF, (Ag) = . (V-45)

r-r

where r identifies the reference transition (chosen
as r = 4 with intensity /, = 100).

Since the reference value has no uncertainty,
the covariance matrix of the relative transition
intensities has a dimension equal to m — 1 (i.e. one

less than the number of y ray transitions). However,
the correct uncertainties in the relative photon
fluxes ¢, = A,/¢;, (of total number m) are impossible
to retrieve with this smaller matrix. The best way to
complete the set of variables is to add the NF (NF,)
to the set of relative intensities and rescale the NF
to the reference value /, as detailed below.

Considering 1, I,,, I,; and NF, as the reduced
data set representing the data obtained, the
derivatives required to constitute matrices F and G
are simpler:

ol . I.
—”=i5i4 Lj=12,3
aA]. A, I
%=_i i=1,2,3
8A4 A,
ONF. NF

L= L. j=1..4
0A . A T

] r

where 8 is the Kronecker delta, and generate similar
results for the derivatives with respect to the
efficiencies. The results are shown in Table V-6.
Even if the data in the table represent the
experimental result, the absolute value of the NF is
in most cases irrelevant and should be omitted from
these results. This removal process can be accom-
plished by rescaling the covariance matrix and
multiplying the column and the row corresponding
to the NF by I/NF, (i.e. the diagonal element is
multiplied by the square of the NF). Since rescaling
a covariance matrix does not affect the correlations,
the final result will be almost identical to Table V-6
except for the last line, and is shown in Table V-7.
When restoring the original value for the relative
photon fluxes, all the covariance terms must be taken
into account. For example, when recalculating

TABLE V-6. RELATIVE y RAY INTENSITIES AND NF DETERMINED FROM SAMPLE DATA

Correlation coefficient

Variable Energy (keV) 1001,/1,

1, I, I NF,
I, 200 26.6(15) 1 0.95 0.04 -0.43
I, 350 26.5(4) 0.95 1 0.064 -0.32
I, 540 6.65(5) 0.04 0.064 1 -0.01
NF, - 9.01(25) x 10° -0.43 -0.32 -0.01 1
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TABLE V-7. RELATIVE y RAY INTENSITIES DETERMINED FROM SAMPLE DATA

Correlation coefficient

id Energy (keV) I

1 2 3 4
1 200 26.6(15) 1 0.95 0.04 -0.43
2 350 26.5(4) 0.95 1 0.064 -0.32
3 540 6.65(5) 0.04 0.064 1 -0.01
4 550 100.0(28) -0.43 -0.32 -0.01 1

A . . .
_ 1
0, = — NF.1,,, the relative variance is given by
1

c 2 c 2 2
_0 | | INE + & +2
¢l NFr Irl

2
= ONF, + on +26N_Fr&p(1 NF)
NF, I, NF, I,V

r

rl’NFr)
IrlNFr

cov (I

o
or -1 —-51%
Py

to be compared with the erroneous calculation that
ignores the covariance term to give

’ 2
(ﬁ) +( 1-5) =(6.3%)2 and the calculation
100 26.6

that does not include the precision in the NF to give

1S 5.6%.
26.6

Although this approach is satisfactory for the
correlation between vy ray intensities, the procedure
omits the constraints imposed by the physical
nature of the problem (i.e. nuclear decay). This
subject is discussed in Ref. [V-7], which points to
the possibility of determining the branching ratios
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and feeding fractions instead of the y ray intensities,
and improving the accuracy of the results.

[V-1]

[V-2]

[V-5]

[V-6]
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Various groups around the world are engaged in the compilation and
evaluation of decay data for either all known or specific radionuclides.
Many evaluators operate independently and recommend slightly
different values for the same parameter. Even small deviations in the
recommended data can have a significant impact on the definition
of the decay characteristics of radionuclides used as standards in
detector efficiency calibrations and various applications. High quality
decay data are essential for the efficiency calibration of X and gamma
ray detectors that are used to quantify the radionuclidic content of a
sample by determining the intensities of any resulting X and gamma
rays. A major objective of the IAEA nuclear data programme is to
promote improvements in the quality of nuclear data used in science
and technology. This report presents the results of a coordinated
research project on X Ray and Gamma Ray Decay Data Standards for
Detector Calibration and Other Applications. Recommended half-lives
and X and gamma ray emission probabilities are listed in Volume 1
of this report for a carefully selected set of radionuclides and nuclear
reactions that are suitable for detector efficiency calibration and
other applications. The recommendations and report of this work are
published in two parts, Recommended Decay Data, High Energy Gamma
Ray Standards and Angular Correlation Coefficients (Volume 1); and
Data Selection, Assessment and Evaluation Procedures (Volume 2).
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