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Sommaire

Depuis quelques années, un groupe composé d évaluateurs spécialistes des données de décroissance
radioactive s est formé, avec |’ objectif de réaliser une évaluation soigneuse et documentée de ces données
pour des radionucléides intervenant dans de nombreuses applications. Ces évaluateurs se sont mis
d’ accord sur une méthodologie commune. Ce rapport inclut les commentaires sur les évaluations des
radionucléides figurant dans |e rapport Monographie BIPM-5, volume 6 :

41Ar., SgNi, 64CU, 99-|-C, lOQPd, 125|’ lSZTe, 182Ta, 209Pb’ ZOQPO, lePO, ZlSPO, 215At, ZlgAt, Zlan, 223F|’, 223Ra|
228AC, 231Pa 234Pa 234mPa 236Np, 237Np, 239U, 242mAm

Summary

Over the past years, an informal collaboration of decay-data evaluators has been assembled with the goal
of creating high-quality, well-documented evaluations of the decay data for a selected set of radionuclides
that are of interest in various applications. This report includes, for each radionuclide, the evaluator's
comments on how the evaluation was carried out for the radionuclides that are in the Monographie BIPM-
5, volume 6:

41Ar., SgNi, 64CU, 99-|-C, lOQPd, 125|’ lSZTe, 182Ta, 209Pb’ ZOQPO, lePO, ZlSPO, 215At, ZlgAt, Zlan, 223F|’, 223Ra|
228AC, 231Pa 234Pa 234mPa 236Np, 237Np, 239U, 242mAm

Monographie BIPM-5 - Table of Radionuclides, Comments on evaluations, volumes1to 5

3H, 7Be, llC, 13N, 150, 18F, 22Na 24Na, 32P, 33P, 40K, MSC, 44-|—|’ 468C, 51Cf, 54M n, 55Fe, 56M n, 56C0, 57CO,
57Ni, 59Fe’ GOCO, 63Ni, 64CU, GSZn, 66Ga, 67Ga, 7589, 7986, 85Kr, BSSr, 88Y, 898r, QOSr, QOY, 90mY’ 93mNb, QQMO,
gngC, 108Ag, 108mAg’ 109Cd, 110Ag, llOmAg’ lllln’ 123mTe, 123|, 124Sb, 1258b, 129|, 131|, lSlmXe, 133|’ 133XG,
133mXe, 13388, 135mxe, 137CS, 13909, 14OBa, 140La, 152EU, 153Srn, 1536d, 154EU, 155EU, 1ngd, 166H0, 166mHO,
169Yb, 170Tm, 177LU, 186Re, 198AU, 201-]—', 203Hg, 203Pb, 204-|—|’ 206T|,207Bi, ZOBTI, 210T|, 210Pb, 2loBi’ 210P0, leBi,
212Pb, 21ZBi, 212P0, 213P0, 214Pb, 214Bi, 214PO, 216P0, 217At, 217Rn, 218P0, 218At, 218Rn, ZZORn, 221Fr, 222Rn,
224Ra, 225Ra ZZSAC, 226Ra, 227AC, 227Th, 228Ra, 228Th, 231Th, 232Th, 232U, 233Th, 233Pa 234Th, 234U, 235U, 236U,
236Np, 236mNp, 237U, 237Np, 238U, 238Np, 238PU, 239U, 239Np, 239PU, 240PU, 241PU, 241Am, 242PU, 242Am, 242Cm’
243Am, 244Am, 244mAm’ 244Cm’ 246Cm’ 252Cf.

m



TABLE DE RADIONUCLEIDES—COMMENTAIRES SUR LESEVALUATIONS

De nombreuses applications nécessitent la connaissance des données liées a la désintégration des
radionucléides, telles que la période radioactive, les énergies et les intensités des divers rayonnements.
Pour répondre aux demandes des utilisateurs, le Laboratoire National Henri Becquerel (LNE - LNHB,
France) a, de 1982 a 1987, publié une table en quatre volumes [87Ta, 99B€]. Puis, en 1993 une
coopération a été établie avec le Physikalisch-Technische Bundesanstalt (PTB, Allemagne) afin de
reprendre cette étude et de la développer. En 1995, un nouveau groupe de travail international nommé
Decay Data Evauation Project (DDEP) Sest formé qui, en plus des deux laboratoires nationaux
précédents, inclut : Idaho National Engineering and Environmental Laboratory (INEEL, USA), Lawrence
Berkeley National Laboratory (LBNL, USA), Brookhaven National Laboratory (BNL, USA) et Khlopin
Radium Institute (KRI, Russie).

Le propos de ce groupe est de fournir aux utilisateurs des données soigneusement évaluées qui
puissent servir de référence. A cette fin, tous les membres du groupe suivent une méthodologie commune
qui comprend :

e |alecture attentive de toutes les publications relatives a une grandeur ;

e une analyse statistique des données retenues ;

e |e choix et I'utilisation des mémes jeux de données, pour celles ayant fait |I'objet d'études
spécifiques par des spécialistes, tels les coefficients de conversion interne.

Tous ces points sont développés en détail dans le chapitre « Rules for evauation and
compilations ».

Par ailleurs, toutes les évaluations sont documentées et I’ établissement des valeurs retenues
explicité. Ce document est ensuite relu par deux membres du groupe.

Ce 6° volume regroupe les commentaires liés al’ évaluation des radionucléides suivants :

41Ar, 59Ni, 64CU, 99-|-C, 109Pd, 125|’ 132Te, 182Ta, 209Pb, ZOQPO, lePO, 215P0, 215At, ZlgAt, Zlan, 223Fr, 223Ra1
228AC, 231Pa 234Pa, 234m|:)a1 236Np, 237Np, 239U, 242mAm

ainsi que ceux précédemment publiés danslesvolumes1 a5:

SH, 7Be, llC, 13N, 150’ 18F, 22Na 24Na, 32P, 33P, 40K, MSC, 44-|-|, 4GSC, 51Cr’ 54M n, 55Fe, SGM n, SGCO, 57C0,
57Ni, 59Fe, GOCO, 63Ni, 64CU, GSZn’ GGGa, 67Ga, 7586, 798e’ 85K|’, 85Sr’ 88Y, SQSr’ QOSr’ QOY, 90mY, 93mNb’ 99M 0,
99m-|-C, 108Ag, lOSmAg, 109Cd' 110Ag, llOmAg, llll n, lZSmTe, 123|’ 124Sb, 1258b, 129|’ 13l|’ lSlmXe' 133|, 133Xe,
l33mxe, 133Ba 135mxe’ 137CS, 139Ce’ 14OBa, 14O|—a, lSZEU, 153Srn’ 153Gd, 154EU, 155EU, l5ng, lGGHO, lGGmHO,
ngYb, 170Tm, 177LU, 186Re’ lgBAU, 201T|, 203Hg, ZOSPb, 204-|-|, 206T|,207Bi, 208-|-|, 210T|, ZlOPb, ZloBi, 21OP0, leBi,
212Pb, leBi, ZlZPO, ZlSPO, 214Pb, 214Bi, 214P0, ZlGPO, 217At, 217Rn, 218P0, 218At, 218Rn, 220Rn, ZZlFr, 222Rn,
224Ra 225Ra, 225AC, 226Ra, 227AC, 227Th, 228Ra, 228Th, 231Th, 232Th, 232U, 233Th, 233Pa, 234Th, 234U, 235U, ZSGU,
236Np, 236mNp, 237U, 237Np, 238U, 238Np, 238PU, 239U, 239Np, 239PU, 24OPU, 241PU, 241Am, 242PU, 242Am, 242Cm,
243Am, 244Am, 244mAm, 244Cm, 246Cm, 252Cf.

L es données de décroissance radioactive de ces radionucl éides peuvent étre trouvées dans la Monographie
BIPM-5 de la « Table de radionucléides », dans le CD-Rom NUCLEIDE édité par le LNHB ou sur les
pages web : http://www.nucleide.org/NucData.htm
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TABLE OF RADIONUCLIDES-COMMENTSON EVALUATIONS

Basic properties of radionuclides, such as half-life, decay mode and branchings, radiation
energies and emission probabilities are commonly used in various research fields. To meet the demand for
these data the LNHB produced a table that was published in four volumes [87Ta, 99B¢€] from 1982 to
1987. In 1993, a cooperative agreement was established between the Laboratoire National Henri
Becquerel (LNE - LNHB, France) and the Physikalisch-Technische Bundesanstalt (PTB, Germany) to
continue and expand this work. In 1995, a new international collaboration was formed, the Decay Data
Evaluation Project (DDEP), which has the same objectives. Along with the evaluators from LNHB and
PTB, this collaboration includes others from the Idaho National Engineering and Environmental
Laboratory (INEEL, USA), the Lawrence Berkeley National Laboratory (LBNL, USA), the Brookhaven
National Laboratory (BNL, USA) and the Khlopin Radium Institute (KRI, Russia). Its objective has been
to provide carefully produced recommended values, which may eventually become standard data. With
this goal in mind, the collaboration has adopted a uniform evaluation methodology that contains the
following:

acritical review of relevant publications;

an accounting of all measured data;

auniform statistical analysis of the data;

a presentation of values for quantities such asinternal conversion coefficients, etc.;
areview of evaluation by two other members of the collaboration.

These topics are described in detail in the chapter “Rules for evaluation and compilations”.

The evaluation of each individual radionuclide has a section (presented here) that describes the
procedures used for deducing the recommended values. This documentation is included in order to
establish the quality and completeness of each evaluation. It can aso provide the basis for any future
reevaluation by the DDEP or other groups.

This sixth volume contains the procedures and comments relevant to the evaluation for the
following radionuclides:

41Ar, 59Ni, 64CU, 99TC, 109Pd, 125|, 132Te, 182-|-a, 209Pb’ 209P0, 211P0, 215P0, 215At, 219At, Zlan, 223Fr, 223Ra,
228AC, 231Pa, 234Pa, 234mpa 236Np, 237Np, 239U, 242mAm

aswell asthose previously published in volumes 1 to 5:

SH, YBe, llC, 13N, 150, 18F, 22Na, 24Na, 32P, 33P, 40K, MSC, 44-|-|’ AGSC, 51Cf, 54M n, SSFe, SGM n, 56C0, SYCO,
57Ni 59Fe GOCO 63Ni 64Cu GSZn 66Ga, 67Ga, 7SSe 795e 85Kr SSSr 88Y BQSr QOSr 90Y 90mY 93mNb 99MO
99m-|-C 108Ag lOBmAg lOQCd lloAg llomAg lllln 123m-|-e 123| lZASb lZSSb 129| 131| lSlmXe 133| 133Xe
133mxe 13383, 135mxe 137CS 139Ce 14OBa, 140La, 152Eu 1535lTl 153Gd 154Eu 155Eu 1SQGd 166H0 166mH0
169Yb, 170Tm, 177LU, 186Re, 198AU, 201-|-|, 203Hg, 203Pb, 204-|-|’ 206T|,207B|, 208-|-|’ 210-|-|, Zlon, ZlOB , ZlOPO, ZIlBl,
212Pb, 212Bi, 212P0, 213P0, 214Pb, 214Bi, 214P0, 216P0, 217At, 217Rn, 218P0, 218At, 218Rn, 220Rn, 221Fr, 222Rn,
224Ra 225Ra, 225AC, 226Ra 227AC, 227Th, 228Ra, 228Th, 231Th, 232Th, 232U, 233Th, 233Pa, 234Th, 234U, 235U, 236U,
236Np, 236mNp, 237U, 237Np, 238U, 238Np, 238PU, 239U, 239Np, 239PU, 240PU, 241PU, 241Am, 242PU, 242Am, ZAZCm,
243Am, 244Am, 244mAm, 2440m, ZAGCm, 25201:.

These evaluations may be found in the BIPM-5 Monographie, on the CD-Rom NUCLEIDE
published by the LNHB or in the web pages: http://www.nucleide.org/NucData.htm

A goal of the DDEP is to avoid future duplication of effort by disseminating these critically
evaluated data with the hope that they will be included in many other collections of decay data.
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RULESFOR EVALUATION AND COMPILATIONS

1. DATA SOURCES

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

- gpecific data evaluated from al available original publications (e.g., half-life),

- data aready evaluated and compiled by specidists (e.g., Q-values); if a subsequent experimental
study exists, the resulting measured value may be used, and its reference be included in a list of
references for such aradionuclide.

2. EVALUATION RULES

All intermediate stages in the compilation and evaluation of a decay parameter are not presented in detail
in order to avoid unnecessary complexity. The main stages comprise the following:

- 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;

- data obtained through private communications are used only when al of the necessary information
has been provided directly by the scientist who performed the measurements;

- adjustments may be made to the reported uncertainties,

- recommended values are deduced from an analysis of al measurements (or theoretical
considerations), along with their standard deviations with a 1 confidence level.

2.1 Evaluation of uncertainties

Definitions from “ Guide to the expression of uncertainty in measurement” [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.

Sandard 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.
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The uncertainties given by authors are re-evaluated by combining the standard uncertainties o4 and o
through the general law of variance propagation:

U, =+oci+o (1)

where U, isthe combined standard uncertainty,
on isthetype A standard deviation, and
os isthe type B standard uncertainty.

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

@ Results abtained 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 nindividual values g (i = 1...n), the best value is the arithmetical mean:

=~ % i
a= Zl: ; )
with type A standard deviation:
2%
I DN CEE:Y
oa(@) = {W €)

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

m }é
O-B(g): [ZO';} (4)
j=1
Combined standard uncertainty:

u(a)=+oi(@)+oz(@) (5)
Recommended value:

a=a+u/(a) (6)

(b) Results abtained by several authors employing the same method

For n individual values & (i =1...n) having a standard deviation o and a type B uncertainty og, the
best value is obtained by taking the mean weighted by the inverse of the variances.



T wel) ¥

The associated values o, og are:

aA(ﬁ){Z ek )}—% ®

O'B(g):Zi(O'Bi)mm or O-B(g): Zi(o'si);n or GB(E):(GB)min

depending on the individual case, although oy (5) cannot be less than the smallest op;.

oa and og are combined quadratically to determine ug:

u,(@)= @)+ oi(@) ©)
and the recommended value is given by the expression:

a=a=+u/(a) (10)

(©) 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, aweight p; proportional to the
inverse of the square of theindividua u, can be assigned to each value.

> pa
i=1

n (11)
P

a\N:

where the weightsare p, =1/u; .

Aninternal and an external uncertainty can be assigned to the mean value [2, 3]:

o, (a,)= {2(1/ u? )}% (12)

The interna variance o

int

variances ufl (by uncertainty propagation).

(aw) is the expected uncertainty of the mean, based on the individual a priori

The external uncertainty is given by the equation:

am(aw){z‘(a_a””) /u“] (13)

(n-1)> 1/u
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The external variance o, (aW) 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 U, .

A measure of the consistency of the datais given by theratio [2, 3]:

Oea O = v Zz /(n_l) (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 ;(2 /(n—l) at 1 % confidence level is used as a practical test for discrepant data. The
following table lists critical values of ;(2 /(n—l) for an increasing degree of freedom v = n—1 [4].

v critical Y critical
x’(n—1) x%(n —1)

1 6.6 12 2.2

2 4.6 13 21

3 3.8 14 2.1

4 3.3 15 2.0

5 3.0 16 2.0

6 2.8 17 2.0

7 2.6 18-21 19

8 25 22-26 1.8

9 2.4 27-30 17

10 2.3

1 2.2 >30 | 1+233+2/v

If ¥%/(n—1) <critical y*/(n—1), the recommended value is given by:

a=a,to,(a,) (15)

If »?/(n—1)> critical */(n—1), the method of limitation of the relative statistical weight [3, 5] is
recommended when there are three or more values; uncertainty of avalue contributing more than 50 % to
the total weight is increased to reduce its contribution to 50 % . The weighted and unweighted average

and critical »°/(n—1) are then recalculated:
it #°/(n—1)<critical y*/(n—1), the recommended value s given by:
a=a, *(thelarger of o,,(a,)and o, (a,)) (16)

it »2/(n—1)> critical */(n—1), the weighted or unweighted mean is chosen, depending on
whether or not the uncertainties of the average values make them overlap with each other. If overlap

occurs, the weighted average is recommended; otherwise the unweighted average is chosen. In either
case, the uncertainty can be increased to cover the most accurate value.

Parameters evaluated according to these procedures and rules include half-lives, number of emitted

particles, and some internal-conversion coefficients. All remaining data given in the tables of
recommended data are generally taken from compilations.
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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 the fulfillment of physical
conservation principles as follows:

— The sum of the transition probabilities for al the transitions (a, B, €) is equal to 1 (or 100 %);
consequently, the sum of al the y-ray transition probabilities (photons + internal conversion
electrons) and al the (o, B, or €) transitions feeding directly to the ground state is equal to 1 (or
100 %).

— For an excited nuclear level, the sum of the transition probabilities (a., B, v, €) feeding the level is
egual to the sum of the transition probabilities depopul ating this level;

— If the relative y-ray emission probabilities P(rel )yi are known, the absolute emission probability
P(abs), can be obtained from the equation:

P(abs), = P(rel), x N (17)
where N is the normalization factor, which may be determined from the equation:
N> P(rel), 1+ e, )=1-B, (18)

where oy is the total conversion coefficient, and B, the (a., B, or €) absolute branching to the ground
state. The sum in equation (18) includes all the y-ray transitions feeding the ground state.

3. COMPILATIONS
3.1. B and electron capturetransitions

Depending on the individual radionuclide, the B-particle transition energies are either evaluated from
experimental data (maximum 3 energies), or deduced from the atomic mass differences obtained from the
tabulations of Audi and Wapstra [6] and the y transition energies. The average B-particle energies are
generally computed [7], and their log ft values as well astheir ¢/B” ratios are calculated using the tables of
Gove and Martin [8].

Electron-capture transition energies are deduced from atomic mass differences and y-ray transition
energies. Capture probabilities Py, Py,... for allowed and non-unique first forbidden transitions can be
calculated from equations where the ratios of the radial wave function components of the electron [9-11]
and the corrective terms for exchange X [12-16] are evaluated from tables.

3.2.  y-raytransitions

Internal conversion coefficients of pure multipolarity transitions are evaluated and compared with
theoretical values that are interpolated from the tables of either Rdsel et al. using a cubic spline method
for 30 < Z <104 [17], or Band et al. [18]. The agreement of these theoretical values with experimental
resultsis about 3 %.

Internal-conversion coefficients are calculated as described in Ref. [19] in order to include the effects of
nuclear penetration in some M1 and E2 transitions.
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Internal conversion coefficients for transitions with mixed multipolarities (e.g., M1 + E2) are calculated
using tables of theoretical values using mixing ratios as shown below:

ai(M1+E2) = ai(M1) 1/1+8% + o;(E2) 8%/1+8° (19)
wherei =K, L1, L2, ... T, refersto the individual atomic shell.
o, coefficients for pair production are interpolated from theoretical values [20], with a precision between
5% and 10 %.
3.3. Levd spinsand parities

Level spins and parities are usually from Nuclear Data Sheets[21].

3.4, Atomic shell constants

K-shell fluorescence yields w, and their uncertainties are taken from the evaluation of Bambynek et al.

[22-24] 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 Janf3en [25]. This

evaluation includes both experimental [26-28] and theoretical values [29], and their uncertainties are
equal to 4 % (for Z > 29).

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

Relative X-ray emission rates (Kp/Ka) are taken from Schonfeld and Janf3en [25], and Ka.,/Ka, from the
theoretical values of Scofield [31]; uncertainties are assumed to be of the order of 1 %.

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

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

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

The mean number of vacancies created in the L shell (from one K hole) n,, and in the M shell (from one
L hole) n,,, areestimated from the preceding values.

35  mc’energy

moc2 energy is defined as 510.998 902 (21) keV, as given by the CODATA Group [34].
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Commentson evaluation

3H — Comments on Evaluation

by V.P. Chechev

The initial *H decay data evaluation was done by Chechev in 1998 (1999Be). This current
(revised) evaluation was carried out in April 2006. The literature available by April 2006 was included.

1. DECAY SCHEME

*H decays 100 % by b -emission directly to the ground state of *He.

2. NUCLEAR DATA

Q" value is from 2003 Au03.

The evaluated *H half-life is based on the experimental data given in Table 1. This table has been
taken from the paper of Lucas and Unterw eger (2000Lul7) which contains a comprehensive review and

critical evaluation of the half-life of tritium.

Table 1. Experimental values of the *H half-life (in years)

Reference | Author(s) Measurement | Half- Stated Meaning of | Comments
method life uncertainty | the stated
(years) | (years) uncertainty
. Followed decay of radiation from
M 11\9/[3161 McMillan Iomzattlon >10 None N Ijto int irradiated beryllium for 4 months.
cviian curren UNCEINYY | OMITTED: limit only
One sample followed for 80 d.
1939 Alvarez and . . Chamber had diffusion losses.
Alvarez Cornog Beta counting 0.41 0.11 Not given OMITTED: updated in
1940Alvarez
1940 Alvarez and . No One sample followed for 5
Al C Beta counting >10 None ncertaint months in new chamber.
varez Ornog UNCEINYY | OMITTED: limit only
O’Neal and Counted tritium from irradiated
19400n01 Gol di? ba Beta counting 31 8 Not given | lithium metal.
orchaber OMITTED: outlier
L Hydrogen + tritium in ionization
1947Go08 gloldblatt e Iomzattlon 10.7 2.0 Not given | chamber over 18 d.
' curren OMITTED: outlier
. Helium-3 . Two samples; accumulation times
1947No01 | Novick collection 12.1 0.5 Not given of 51 dand 197 d
Helium-3 Repeated measurements every two
1949Jenks | Jenks et al. collection 12.46 | 0.20 Not given | weeks until stable. OMITTED:
updated in 1950Je60
1950Je60 Jenks et al. Hehurp-3 12.46 | 0.10 Probabz}e Four measurements over 206 d.
collection error
1951Jo15 Jones Beta counting 12.41 0.05 Probabz}e Mea§grement of specific activity
error of tritium gas
Helium-3 . Two samples; accumulation times
1955J020 Jones collection 12.262 | 0.004 Not given of 578 d and 893 d
1958Po64 | Popov etal. | Calorimetry 12.58 | 0.18 Not given | On€ sample; 21 measurements
over 13 months
. Two samples measured over four
. 1963 Eichelberger Calorimetry 12.355 | 0.010 Probabz}e years. OMITTED: updated in
Eichelberger | et al. error 19671009
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°H

1966Merritt Merritt and Beta counting 12.31 | 0.13 Not given Five gas counting measurements
Taylor over 13 years
Probable Five samples; 266 measurements
1967J009 Jordan et al. | Calorimetry 12.346 | 0.002 a over 6 years. OMITTED: updated
error )
in 1977RuZZ
. 99.7 % Two samples; accumulation times
1967J010 Jones Hehurp-3 12.25 1 0.08 confidence | of 450 dto 800 d. Only the first
collection 1231 | 0.42 .. .
limits value is usually quoted
Rudy and 95 % Eight samples; 1353
1977RuZZ Y Calorimetry | 12.3232 | 0.0043 confidence | & ples;
Jordan .. measurements over 16 years
limits
Two sets of gas counting
Unterweger . 1 standard | measurements 18 years apart.
1980Un01 et al. Beta counting 1243 1005 uncertainty | OMITTED: updated in
2000Unterweger
Bremsstrahlu Two samples of tritium + xenon
1987Bu28 | Budick et al. n ntin 12.29 | 0.10 Not given | gas measured over 320 d.
g counting OMITTED: updated in 1991Bul3
. Fifteen samples, each with
19870104 | Oliver €t al. Hehurp-3 12.38 | 0.03 ! stand.a rd accumulation times of 1 year to 2
collection uncertainty
years
1987Si01 | Simpson Beta counting | 1232 | 0.03 I'standard ) Tritium implanted in Si(Li)
uncertainty | detector measured over 5.5 years
Helium-3 1 standard | Five series of measurements over
1988 Akulov | Akulov et al. . 12.279 | 0.033 .
collection uncertainty | 846 d
ra——
1991Bul3 | Budick et al. Bremsstrghlu 1231 1003 1 standgrd Two samples of tritium + xenon
ng counting uncertainty | gas measured over 5.5 years
2000 Unterweger Beta counting 1233 | 003 1 standgrd Three sets of gas counting
Unterweger | and Lucas uncertainty | measurements over 38 years

? The probable error, PE , is the deviation from the population mean, m, such that 50 % of the observations may be
expected to lie between m- PE and m+ PE . For a normal distribution, the probable error can be converted to the standard
deviation by multiplying by 1.4826.

As seen from Table 1 there are a number of measurements of the tritium half -life. Three of them stand
out by their high prec ision (1955J020, 1967J009, 1977RuZZ). However, the uncertainties stated for the half -
life in these works do not include an estimation of possible systematic errors. There are available newer
measurements and discussions of the tritium half -life, soitis possible to estimate an "external" minimum

uncertainty due to systematic effects

(Smin) that should be added to the uncertainties stated in 1955J020,

1967J009 and 1977RuZZ. At that we can take into account the following circumstances:

a) The *He collection res ult of 1955J020 has been obtained using only two points on each decay
curve (for two samples). In the later work by the same method (1967J009) many experimental points were
obtained on the decay curves (also for two samples) and the estimated systematic un certainty made up 0.8
% for a 99.7 % confidence level.

b) The result of 1977RuZZ is a continuation of the measurements of 1967J009 for two tritide
solids by calorimetric method for an additional 12 years. The difference of results of 1967J009 and
1977RuZZ proved to be 0.2 %, more than 5S, from 1977RuZZ and more than 10S., from 1967J009.

¢) The comparative analysis of measurements of the radioactivity concentrations in several NBS
tritiated-water standards over an 18 -year period 1961 - 1978 (1980Un01) showed th at for agreement of
measurements (at given tritium half -life) their estimated standard errors (including a calorimetric method)

should not be less 0.2 %.

Thus we have sufficient grounds for adding the "external” systematic error S i, = 0.002°T;,, (CH) into
the uncertainties quoted in 1955J020, 1967J009 and 1977RuZZ. Lucas and Unterweger (2000Lul7) estimated
the standard uncertainty of 1955J020 as 0.030 yr and that of 1977RuZZ as 0.025 yr.

KRI/V.P. Chechev
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Table 2 shows the modified set of half -life values, which has been fo rmed from the original set by
omitting the ten measurement results (see Comments in Table 1) and adjusting the uncertainties of 1955J020,

1977RuZZ and 1966Merritt. Latter was re-estimated in 2000Lul7.

Table 2. Selected measurement results for tritium half-life (in years)

Reference Half-life Measurement method Comments on uncertainty

1947No01 12.1(5) *He collection Author’s stated uncertainty (ASU)

1950Je60 12.46(15) *He collection ASU multiplied by 1.4826

1951Jol5 12.41(7) Beta counting Author’s stated uncertainty

1955J020 12.262(30) | ’He collection Uncertainty re-estimated in 2000Lul7

1958Po64 12.58(18) Calorimetry Author’s stated uncertainty

1966Merritt 12.31(4) Beta counting Uncertainty re-estimated in 2000Lul7

1967Jo010 12.25(3) *He collection Author’s stated uncertainty

1977RuZZ 12.323(25) | Calorimetry See text

19870104 12.38(3) *He collection Author’s stated uncertainty

19878Si01 12.32(3) *H implanted into Si(Li) Author’s stated uncertainty

1988 Akulov 12.279(33) | He collection Author’s stated uncertainty

1991Bul3 12.31(3) Bremsstrahlung Author’s stated uncertainty

2000Unterweger | 12.33(3) Three sets of gas counting Author’s stated uncertainty
measurements over 38 years

A weighted average for the final data set is 12.312 with an internal unce  rtainty of 0.010 and an
external uncertainty of 0.013 and a reduced c¢*/n = 1.6. An unweighted average is 12.33(3).
Different statistical procedures from 1994Ka08 give the similar results: UINF, LWM, NORM —
12.312(10), PINF, BAYS and MBAYS - 12.312(13), IEXW — 12.314(14), RAJ — 12.311(10), CHV -
12.317(16). Lucas and Unter weger (2000Lul7) used three other statistical procedures including the
method of determining the median and the estimated standard deviation of the median and adopted the value
of 12.318(25).

The LWEIGHT computer program using the LWM procedure has led to the recommended value of
12.312(10).

The EVINEW computer program (2000Ch01) has chosen  the weighted average of 12.312 and
recommended the smallest experimental uncertainty of 0.025 as a final uncertainty.

The adopted value of the °H half-lifeis 12.312(25) years, or 4497(9) days.

It should be noted this half -life value has been evaluated for molecular trittum. The half  -life of
atomic tritium is less by ~0.26% (2004Ak16). See also 2005Ak04 for a bare triton half-life.

2.1. Tritium Beta End-Point Energy (Ey°)

The tritium beta end -point energy depends upon the chemical state of the tritium in an experiment.
The expression for Ep’ of molecular tritium differs from that of a "bare" nucleus by the "chemical shift"
DE= B(RHe+) - B(RT) (1985Ka21, 1989Re04) which is calculated taking into account the spectrum of
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final states (SFS). (Here the B values indicate electron binding energies for He+ ion and tritium atom, R
indicates a chemical state).

For known *He-"H atom mass difference (DMc?) the tritium beta "end -point" energy measured in
some experiment is :

Ey’= DMc’ - E.. - [B(He) - B(T)] + [B(RHe+) - B(RT)]

where E,.. is the helium recoil energy.

For tritium atom (nuclide) E,’ = DMc’ - 3.4 eV - 64.3 eV + DE where DE = 40.82 V.

With the recommended value of DMc?, the beta end -point energy for tritium nuclide is obtained by
this way as 18563.6 eV. It is difficult to estimate the uncertainty of the DE calculation in1985Ka21.
Supposing it about the evaluated uncertainty of DMc* (Q value), we have Ep’ CH nuclide) = 18.564(2)
keV.

For real forms of tritium sources in beta -spectrometry experiments the *H end-point energies differ
from the atomic value. For a molecular forms HT, CH T, valine the calculated E,’ makes 18572(2) eV.
Below the measured end-point energies in some experiments are shown.

1987Bo07 Valine 18.579.4 £ 4¢eV
1993Ba08 Molecular tritium 18.574.8 £ 0.6 eV
1993Su32 C14H5T6O,N;3 18.578.3+£5.1eV
1995St26 Gaseous tritium 18.568.5+£2.0eV
2003Kr17 Gaseous tritium 18.570.5 eV

It should be noted that many works devoted to study of tritium beta -spectrum as it provided the
most precise data of neutrino mass upper limit (see, for example, 2005Kr03, 2003Lo10, 2002Bo31 and
references therein).

2.2. Average energy of beta particles of tritium per disintegration (<E,>)

In Table 3 the available data of the <E > have been presented. The recommended value <E ,> has
been obtained as the weighted average after corrections into the original results of the experiments and
calculations. The calculation of the <E ,> with the LOGFT computer program using the adopted value Q ~ =
18.591(1) keV gives 5.68 (£0.0011) keV.

Table 3. The available data of the tritium average beta energy (per disintegration, keV)

Reference Method Original Re-estimated Adopted
1950Je60 Calorimetry 5.69(4) 5.68(4)° 5.68(4)
1958Gr93 Calorimetry 5.57(1) 5.68(2)° 5.68(2)
1961Pi01 Calorimetry 5.73(3) 5.68(3)° 5.68(3)
1972Ma72 Calculation 5.7 57(1) ¢
1985Martin Calculation 5.684(5) 5.680(5) 5.68(1) ¢
1985Garcia TDCR 5.70 5.70(2) ¢
1987Lagoutine, 1994Si21 Calculation 5.71(3) 5.703) ¢ 5.70(3)
Recommended value 5.68(1) keV

* Corrected for the adopted tritium half-life of 12.312 y and heat output of 0.324(1) W/g
® Corrected for the adopted tritium half-life of 12.312'y
¢ Corrected for the adopted decay energy (Q™ = 18.591 keV)

Uncertainty attributed by the evaluator
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"Be - Comments on Evaluation of Decay Data
by R. G. Helmer

This evaluation was originally done in 1996 by R. G. Helmer and E. Schonfeld and minor
editing was added in December 2000.

1. Decay Scheme

This decay scheme is complete since the only levels in 7Li below the decay energy are
populated.

2. Nuclear Data
The Q value is from the mass evaluation in 1995Au04.
The adopted half-life is 53.22 (6) days.
The 7Be half-life has been observed to vary depending on the chemical form of the 7Be.

Some of these measured variations are:

Reference  Chemical forms compared (DTl/’ 1049/T,,

1949Se20  Be - BeO 5(9)
1953Krl6 Be-BeO 3(5)
BeO- BeF; 1(6)
Be - BeF; 7 4 (5)
1956Bo36  Be - BeF 2 (1)
1970J021 BeO- BeF; 11 3(6)
BeO - BeBr» 14.7 (6)
BeO- BesO(CH3COO)s -7 2 (6)
BeO- Be(CsHs). (7)
BeO- Be(OH2)4 7(8)
BeF»- BesO(CH3COO)s -18 5(8)
Be(CsHs)2- Be(OH2)4 -11.7 (11)
1999HU20  BeO - Be(OH). -149.
BeO - Be2+*(OHy)s -98.

1999Ral2  Bein Au-Bein Al:Os 72 (7)

Excluding the much larger changes reported by 1999Hu20 and 1999Ra12, these measured changes
range from 0.01% to 0.2%, or from 0.005 to 0.10 days, or 0.08 days, if the organic compounds are also
omitted.

The adopted value of 53.22 (6) is from Limitation of Relative Statistical Weight (LRSW)
(1985ZiZY, 1992Ra09) analysis of 53 (2) (1940Hi01), 52.93 (22) (1949Se20), 53.61 (17) (1953Kr16), 53.0
(4) (1956B036), 53.5 (2) (1957Wr37), 53.1 (3) (1965ENn01), 53.52 (10) (1970J021), 53.0 (3) (1974Cr05),
53.17 (2) (1975La16), 53.16 (1) (1982ChZF), 53.284 (4) (1982RuZV), and 53.12 (7) (1996Ja10). In this
analysis the uncertainty of 1982RuZV value was increased from 0.004 to 0.0088 so that its relative
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weight was reduced from 83 % to 50 %. The weighted average of these values is 53.225 with an internal
uncertainty of 0.006, a reduced-c2 of 10.5, and an external uncertainty of 0.020. This uncertainty is
increased by the LRSW method to 0.06 so that the most precise value of 53.284 is included; this
uncertainty also includes the next most precise value of 53.16.

The chemical forms of the samples for which these half-lives were determined are: 1949Se20 Be
metal or BeO and difference is not significant, 1953Kr16 Be metal, 1956B036 Be metal or BeF, and
difference is not significant, 1970Jo21 average of data for BeF, BeO, and Be(CsHs),, and 1975Lal6
isolated Be atoms in aluminum matrix.

The adopted half-life is dominated by the values of 1975Lal6, 1982ChZF, and 1982RuzV
which contribute 10 %, 39 %, and 50 % of the relative weight, respectively. The values of 1982ChZF
and 1982RuZzV differ by ~ 10s and contribute 3.8 and 4.1 to the reduced-c2 value of 10.5. Since these
three values differ by 0.12 days and the chemical forms in the latter two cases are not known, the
chemical variation data in the above table suggest that some of this difference may be due to chemical
effects. This suggests that the adopted uncertainty of 0.06 days is reasonable for general use. In any
case, the data on the chemical effects indicate that the adopted value can certainly be used for Be and
BeO sources.

Values not used are 54.5 (J. F. Bonner as quoted in 1953Kr16, no uncertainty); and 54.3 (5)
(1947B0oAA as quoted in 1953Kr16, superseded by value of 1956B036); and 53.694 (6), 53.416 (6), and
54.226 (6) (1999Hu20). The values of 1999Hu20 have very small uncertainties and have very large
variations, up to 1.5%, with chemical form which need to be confirmed. If this large shift and that of
1999Ral2 are correct, they would invalidate the uncertainty of our adopted value.

Also, the results of 2000HuU20 and 2000L.i21 were obtained after this evaluation was completed,
but these results would not change the adopted value.

Recent experiments have shown that the half-life of 7Be increases as much as 0.7% by
imbedding this radionuclide in different matrices. The recommended value presented in this evaluation
should be adequate for Be and BeO samples.

2.1 Electron-capture transitions

The adopted value for the electron capture to the 477-keV level is Pg(477) = 10.44 % (4). This
value is a weighted average of 10 (+20-7) (1938RuAA), 10.7 (20) (1949Wi13), 11.8 (12) (1949Tu06), 12.3
(6) (1951Di12), 10.35 (8) (1969TazX), 10.47 (20) (1970MuZzU), 10.42 (18) (1973P010), 10.35 (8)
(1974G026), 10.10 (45) (1983Bal5), 10.61 (23) (1983Dal4), 10.6 (5) (1983D007), 10.9 (11) (1983Kn10),
10.7 (2) (1983Ma34), 9.8 (5) (1983N003), 11.4 (7) (1984Ev01), 10.61 (17) (1984Fi10), and 10.49 (7)
(1984Sk01). This weighted average has an internal uncertainty of 0.039, a reduced-c2 of 1.35, and an
external uncertainty of 0.045. The adopted value is dominated by the values of 1969TaZX, 1974Go24,
and 1984Sk01 which contribute 23 %, 23 %, and 30 % of the relative weight, respectively. The largest

contribution to the reduced-c2 is 0.6 from 1951Di12.

Values not used are 10.32 (16) (1962Tall, superseded by 1969TaZX) and 10.5 (2) (W. Poenitz,
1966, superseded by 1973P010).

The Pk and P values of 0.908 (12) and 0.092 (12) were calculated from the tables in 1998Sc28.
The values from the LOGFT code are 0.97 and 0.03, which are different.
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2.2 Gamma-ray transition

The gray transition energy is computed from the g-ray energy.

The internal-conversion coefficient is the measured value of 1964Kr04 and the mixing ratio was
also determined by 1964Kr04. The theoretical values interpolated from the tables of 1976Ba63 are
7.73 " 107 for M1 and 2.96 ~ 10 for E2.

The gamma transition probability is :
Within its uncertainty, P477) = 1(477) ~ (1.0+a) = P(477)
With 14477) = 10.44 (4) % (c.f. § 2.1)

3. Atomic Data

The fluorescence yield is from the compilation of 1994Hu?23.

4. Radiations

The conversion electron emission intensity is computed from P(477) and ax.

The gray energy is from the evaluation of 2000He14.

5. Main Production Modes

6Li(d,n), 19B(p,a), and 12C(3He,2a)

6. References
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'C — Comments on evaluation of decay data
by V. Chistéand M. M. Bé

1) Decay Scheme

''C disintegrates by b* emission (99.750(13)%) and electron capture (0.250(13)%) to the ground state of

the stable nuclide ''B.

2) Nuclear Data

The Q value (1982.5(9) keV) is from Audi and Wapstra evaluation (1995Au04), and has been calculated

with the formula:

Q=M(AZ)- M(AZ-1),

where M(A,Z) and M(A,Z-1) are the measured atomic masses of ''C and ''B, respectively.

Ep+, calculated from this Q value (Ep. = 960.5(9) keV), is in agreement with a weighted average value of

959.8(5) keV, which was calculated from measured values (see

Transition).

b* Transition and Electron Capture

The measured ''C half-life values (in minutes) are given below:

Tuz
Reference Value (min)
Smith (1941Sm11) 20.35 (8)
Solomon (1941S001) 20.5 (6)
Siegbahn (1944Si30) 20.0(4)
Dickson (1951Di12) 20.0 (1)
Kundu (1953Ku08) 20.74 (10)
Barber (1955Ba63) 20.26 (10)
Prokoshkin (1957Pr53) 20.8 (2)
Arnell (1958Arl5) 20.11 (13)
Kavanagh (1964Ka31) 20.34 (4)
Patterson (1965Pal0) 20.8 (4)
Awschalom (1969Aw02)  20.40 (4)
Hogstrom (1973Ho43) 19.8 (8)
Singh (1973SiYS) 20.0 (3)
Azuelos (1975Az01) 20.382 (20)
Behrens (1975Be28) 20.32 (12)

Evaluators calculated the weighted average of these 15 values using the Lweight program (version 3) as

20.369 min with an external uncertainty of 0.028 and a reduced

c? of 3.07. The value of Azuelos

(1975Az01) has a relative statistical we ight of 54%. Evaluators rejected Siegbahn’s (1944Si30) value
(quoted by Janecke (1960Jal2) and Raman (1978Ra21)), because they could not be find the article, and
therefore no details were available on how Siegbahn obtained such a value. For the remaining 14 values,

LNHB/V. Chisté, M. M. Bé
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the largest contribution to the weighted average comes from the value of Azuelos (1975Az01), with a
relative statistical weight of 57%. The program Lweight 3 has increased the uncertainty of the 1975Az01
value from 0,02 to 0,0231 in order to reduced its relative statistical weight to 50%.

The adopted value is the weighted average : 20.370 min, with an external uncertainty of 0.029 min. The
reduced ¢ is 3.24.

b* Transition and Electron capturetransition

For the K/b" ratio, the following values have been found in the literature:

Reference Value (107)
Scobie (1957Sc02) 1.9(3)
Campbell (1967Ca21) 2.30 (+0.14;-0.11)

b" and electron capture probabilities have been calculated using the most recent value of K/ b" ratio
measured by Campbell (19 67Ca2l), Px/Pec = 0.9174(91) (See Section 2.2), and normalizing to a total
probability (Py+ + Pgc) of 100%. This leads to Pp. = 99.750(13) % and Pgc = 0.250(13), respectively. The
uncertainties were calculated through their propagation on the above formulas.

The experimental K/b" ratio of Campbell is close to the theoretical values:
a) 2.222 10~ calculated with LOGFT program;

b) 2.00 10~ calculated by Scobie (1957Sc02);

¢) 2.18 107 calculated by Campbell (1967Ca21);

d) 2.46 107 calculated by Vatai (1968Va23);

e) 2.316 107 given by Fitzpatrick (1973Fi13);

f) 2.11 10° given by Bambynek (1977Ba49);

Evaluators calculated a 1g ft of 3.592 for this allowed transition. The value agrees with 3.599 suggested
by Ajzenberg-Selove (1980Aj01, 1985Aj01 and 1990Aj01).

The partial sub shell capture probabilities given in Section 2.2 were calculated using the program EC -
Capture for an allowed transition.

The weighted mean of the b" end-point energy has been calculated (with the Lweight program, version 3)
using the following measured values (in keV):

Reference Values (keV)
Townsend (1940T003) 981(5)
Moore (1940Mo040) 1030(30)
Siegbahn(19448Si30) 993(1)
Richards (1950Ri07) 958(3)
Wong (1954Wo019) 968(8)
Campbell (1967Ca2l) 958.2(14)
Fitzpatrick (1973Fi13) 960.2(10)
Azuelos (1975Az01) 960.0(10)
Behrens (1978Be28) 960.8(26)
Raman (1978Ra21) 960.1(11)

The weighted average of these 10 values is 967 keV with an uncertainty of 2.6 keV and a reduced c* of
97. The values of 194485130, 1973Fi13 and 1975Az01 have a relative weight of 21%. The Townsend
(1940T003), Moore (1940Mo040), Siegbahn (1944Si30) and Wong (1954Wo19) values have been rejected
by the Lweight program, based on the Chauvenet’s criterion. ~ For the remaining 6 values, the largest
contribution to the weighted average comes from the values of Fitzpatrick (1973Fil3) and Azuelos
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(1975Az01), amounting to a statistical weight of 28%. The weighted average is 959.8 keV, with an

internal uncertainty of 0,5 keV and a reduced c? of 0,41. This value is in agreement with Ep. (960.5(9)
keV) deduced from the adopted Q value (1995Au04) in this evaluation.

3) Gamma-ray Emissions

The annihilation radiation emission probability (Ig1) is Pyt (=99.750(13)%), multiplied by 2, without the
correction factor for the annihilation-in-flight process in the medium. That is, I, = 199.500(26)%.
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3N — Comments on evaluation of decay data
by V. Chistéand M. M. Bé

1) Decay Scheme

PN disintegrates by b* emission (99,818 (13) %) and electron capture (0,182 (13) %) to the ground state

of the stable nuclide “*C.

2) Nuclear Data

The Q value (2220,44 (27) keV) is from the evaluation of Audi and Wapstra (1995Au04), and has been

calculated using the formula:

Q=M(AZ)- M(AZ-1),

where M(A,Z) and M(A,Z-1) are the measured atomic masses of °N and °C, respectively.

The Ey+ deduced from this Q value (E . = 1198,45 (27) keV) agrees with the weighted average value of

1199,00 (36) keV, deduced from measured values (see §

Transition).

b* Transtion and Electron Capture

The measured N half-life values (in minutes) are given below:

Tuz
Reference Value (min)
Ward (1939Wa35) 9,93 (3)
Siegbahn (1945Si02) 10,13 (10)
Cook (1948Co05) 10,2 (1)
Churchill(1953Ch34) 10,048 (32)
Wilkinson (1955Wi43) 10,08 (4)
Daniel (1957Da07) 9,960 (30)
Deineko (1957De22) 10,02 (10)
Norbeck (1957Nol17) 10,07 (6)
Arnell (1958Ar15) 9,960 (30)
King (1960Ki02) 9,93 (5)
Janecke (1960Jal2) 9,965 (5)
Ebrey (1965Eb03) 9,96 (2)
Bormann (1965B042) 10,05 (5)
Ritchie (1968Ril5) 9,963 (9)
Singh (1973SiYS) 10,0 (5)
Azuelos (1977Az01) 9,965(10)
Katoh (1989Ka08) 9,962 (20)

The weighted average has been calculated using the Lweight computer program (version 3).
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The Siegbahn (1945Si02) and Cook (1948Co005) values have been shown to be outliers by the Lweight
program, based on the Chauvenet’s criterion. For the remaining 15 statistically consistent values, the
largest contribution to the weighted average comes from the value of Janecke (1960Jal2), with statistical
weight of 54 %. The reduced-c* is 1,65.

The adopted value is the weighted average : 9,9670 min, with an uncertainty of 0,0037min.

2.1) b* Transition and Electron capturetransition.

The b" and electron capture probabilities shown in Tables 2.1 and 2.2, respectively, have been deduced
by using a K/ b" ratio of (1,68 + 0,12).10” measured by Ledingham (1963Le06) and, normalizing to a
total probability (Pps + Pgc) of 100%. This experimental K/ b" ratio is close to the following theoretical
values:

a) 1,864 10~ calculated with LOGFT program;

b) 1,939 107 calculated by Fitzpatrick (1973Fil3);

¢) 1,800 107 given by Bambynek (1977Ba49);

d) 1,78 107 given by Ledingham (1963Le06).

The uncertainties were estimated by standard error-propagation techniques.

The Ig ft value for b" transition (3,654) has been calculated with the program LOGFT for an allowed
transition. This value agrees with 3,637 suggested by Ajzenberg -Selove (1981Aj01, 1986Aj01 and
1991Aj01).

The partial sub shell capture probabilities Py and Pp were calculated for an allowed transition using the
computer program EC-Capture.

A weighted average (1199,0(4) keV) of the b end-point energy has been decuded (using the Lweight
computer program, version 3) from the following measured values (in keV):

Reference Values (keV)
Hornyak (1950H001) 1202 (5)
Grabowsky (1954Gr03) 1185 (25)
Daniel (1957Da07) 1190 (3)
Fitzpatrick (1973Fi13) 1198,5(9)
Raman (1978Ra21) 1198,7 (4)

The largest contribution (with an statistical weight of 81%) to the weighted average of these 5 values
comes from the value of Raman (1978Ra21). The weighted average is 1199,00 keV, with an internal
uncertainty of 0,36 and a reduced -c* of 2,2. This value agrees with Ep. (1198,45(27) keV), which was
deduced from the adopted Q value (1995Au04) in this evaluation.

3) Gamma-ray Emissions

The annihilation radiation emission intensity (I g;1) is Py (= 99,818 (13)), multiplied by 2, wi thout the
correction factor for the annihilation-in-flight processus in the medium. That is, I, = 199,636 (26) %.

4) Atomic Data

Atomic K-fluorescence yield (W) is from Bambynek (1984Ba01).
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>0 — Comments on evaluation of decay data
by V. Chistéand M. M. Bé

1) Decay Scheme

0 disintegrates by b* emission (99,885 (6) %) and electron capture (0,115 (6) %) to the ground state of

the stable nuclide "°N.

2) Nuclear Data

The Q value has been calculated using the formula:

Q= E,, +2m,c* =2757,0 (13) keV

where Ep. =1735,0 (13) keV is the weighted mean of the
Electron Capture) and, 2mc* = 1021,9978 (42) keV (2000C021). The Q value

b" end-point energy (see b* Transition and
calculated here is in

agreement with the value of 2754,0 (5) from the Audi and Wapstra evaluation (1995Au04), which takes
into account only Raman’s value (1978Ra21, 1731,9 (7) keV) to determine the recommended Q value.

The measured O half-life values are, in seconds:

Tuz
Reference Value (sec)
McMillan (1935Mc02) 126 (5)
Brown (1950Br29) 118,0 (6)
Kline (1954K136) 123,4 (13)
Bashkin(1955Ba83) 121 (3)
Kistner (1957Ki22) 122 (5)
Penning (1957Pe12) 123,95 (50)
Kistner (1959Ki99) 124,1 (5)
Janecke (1960Jal2) 122,1 (1)
Nelson (1963Ne05) 122,6 (10)
Csikai (1963Cs02) 125 (2)
Vasil’ev (1963Va23) 114 (12)
Azuelos (1977Az01) 122,23(23)

The half-life weighted average has been calculated by the Lweight program (version 3).

The weighted average of all 12 values is 122,16 s with an internal uncertainty of 0,09 and a reduced -c* of
7,3. The value of 1960Jal2 has a relative weight of 76% and that of 1950Br29 contributes 4,4 to the

reduced-c*.

The evaluator has chosen to reject the McMillan (1935Mc02) and Csikai (1963Cs02), because they are

far from the other values and with large uncertainties.

The Brown (1950Br29) and Vasil’ev (1963Va23) values have been rejected by the Lweight program,
based on the Chauvenet’s criterion. For the remaining 8 values, the largest contribution to the weighted

average comes from the value of Janecke (1960Jal2), amounting to a statistical weight of 78% (reduced -

21

LNHB/V. Chisté, M. M. Bé June 2002



Comments on evaluation =e)

c® =4,01). The program Lweight 3 has increased the uncertainty of the 1960Ja12 value from 0,1 to 0,186
in order to reduce its relative weight from 78% to 50%.

The adopted value is the weighted mean : 122,40 s, with an uncertainty of 0,33; or 2,041 (6) min. The
reduced-c? is 3.2.

2.1) b* Transition and Electron capture

The b" and electron capture probabilities have been calculated taking into account a K/ b ratio of (1,07 +
0,06).10” measured by Leiper (1972Le06) and, normalizing to a total probabilit y (Pp. + Pgc) of 100%.
The experimental K/b" ratio is close of its theoretical value (= 0,99(1) 10 ) calculated with the LOGFT
program. The uncertainties were calculated through their propagation on the above formulas.

The value of log ft of the b" transition (3,6) has been calculated with the program LOGFT for an allowed
transition, in agreement with the value suggested by Ajzenberg  -Selove, which is 3,637 (1981Aj01,
1986Aj01 and 1991Aj01).

The partial sub shell capture probabilities were calculated wit h the program EC -Capture for an allowed
transition.

The weighted mean of the b” end-point energy has been calculated (with the Lweight program, version 3)
using the following measured values (in MeV):

Reference Values (MeV)
Fowler (1936F016) 1,7 (2)
Stephens (1937St03) 1,56 (20)
Perez-Mendez (1949Pe23), Brown 1,683 (5)
(1950Br29)
Kington (1955Ki39) 1,735 (8)
Kistner (1957Ki22) (solid target) 1,723 (5)
Kistner (1957Ki22) (gaseous target) 1,736 (10)
Kistner (1959Ki99) 1,739 (2)
Raman (1978Ra21) 1,7319 (7)

The values given by Fowler (1936F016), Stephens (1937St03), Perez -Mendez (1949P¢23) and Kistner
(1957Ki22 — solid target) were shown (by the Lweight program) to be statistically inconsistent with the
other values (based on the Chauvenet’s criterion), thus the evaluators rejected those 4 values. The largest
contribution to the weighted average of the 4 remaining values comes from the value of Raman
(1978Ra21), amounting to a statistical weight of 88% (reduced -c* = 3,8). The program Lweight 3 has
increased the uncertainty of the 1978Ra21 value from 0,0007 to 0,0019 in order to reduce its relative
weight from 88% to 50%.

The adopted value is the weighted mean : 1735,0 keV, with an external uncertainty of 1,3 and a reduced-

c®of2,2.
3) Gamma Emissions

The annihilation radiation emission probability (I (511)), is Py, or 99,885(6), multiplied by 2, without
the correction factor for the annihilation-in-flight in the medium, that is Ig511) = 199,770(12)%

4) Atomic Data

Atomic value (W) is from Bambynek (1984Ba01).
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8F _ Comments on evaluation of decay data
by V. Chistéand M.M. Bé

1) Decay Scheme

'F disintegrates by b* emission (96.86(16)%) and electron capture (3.14(16)%) to the ground state of the
stable nuclide '*O.

2) Nuclear Data

The Q value (1655.5 (6) keV) is from Audi and Wasptra (1995Au04), and has been calculated with the
formula:

Q=M(AZ)- M(AZ-1),

where M(A,Z) and M(A,Z-1) are the measured atomic masses of "*F and '*0, respectively.

Ep+, calculated from this Q value (Ep. = 633.5(6) keV), is in agreement with a weighted average value of
633.2(3) keV, which was deduced from measured values (see ~ b" Transition and Electron Capture
Transition).

The measured '*F half-life values (in minutes) are given below:

Reference Value (min)
Snell (1937Sn14) 112 (4)
DuBridge (1938Br47) 107 (4)
Krishnan (1941Kr12) 112 (2)
Huber (1943Hu33) 115 (4)
Blaser (1949B130) 112 (1)
Jarmie (1955Jal2) 111 (1)
Bendel (1958Be08) 109.8 (12)
Markowitz (1958Mal2) 112 (1)
Carlson (1959Ca63) 109.70 (54)
Yule (1960Yul5) 110,2 (2)
Rayburn (1961Ra53) 111.0 (22)
Mahony (1962Mal5) 109.74 (21)
Beg (1963Be31) 109.6 (6)
Hofmann (1964H009) 110.5 (6)
Mahony (1964Ma07) 109.72 (6)
Ebrey (1965Eb02) 109.87 (12)
Bormann (1965B038) 111 (2)

Kavanagh (1969Kal7) 109.87 (12)
Hogstrom (1973Ho21) 95 (7)

Rutledge (1980Ru02) 109.71 (2)
Katoh (1989Ka01) 109.48 (8)
Schrader (2004S¢00) 109.748(21)
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The only outliers values are 107 (4) min (1938Br47), 115 (4) min (1943H u33) and 95 (7) min
(1973Ho21), which contributed with a statistical weight of just 0.378.10” % (1973Ho021) to 0.116.10™ %
(1938Br47 and 1943Hu33) to the weighted average. Our recommended half -life is the weighted average
of 109.728 (19) min, or 1.8288 (3) h (c*/n = 1.98).

b* Transition and Electron capturetransition

The b" and electron capture probabilities shown in Tables 2.1 and 2.2, respectively, have been deduced
using a K/b" ratio of (3.00 £ 0.18) 10 > measured by Drever (1956Dr02), Py/Pgc =0.9267 (48) (see
Section 2.2) and, normalizing to a total probability (Py+ + Pgc) of 100 %. This leads to Pp. = 96.86(19) %
and Pgc =3.14(19) %, respectively. The uncertainties were calculated through their propagation on the
above formulas.

The experimental K/b" ratio of Drever is close to the theoretical values:
a) 3.19 107 calculated with LOGFT program;

e) 3.31 107 given by Fitzpatrick (1973Fil3);

f) 3.14 10” given by Bambynek (1977Ba49);

Using the LOGFT program evaluators calculated a Ig ft of ~ 3.57 for this allowed transition. This value
agrees with 3.554 suggested by Ajzenberg-Selove (1972Aj01, 1978Aj01 and 1987Aj01).

The partial sub shell capture probabilities given in Section 2.2 were calculated using the program EC -
Capture for an allowed transition.

The weighted mean of the b end-point energy has been calculated (with the Lweight program, version 3)
using the following measured values (in keV):

Reference Values (keV)
Blaser (1949BI30) 635 (15)
Ruby (1951Ru40) 649 (9)

Hofmann (1964H009) 635 (2)
Alburger (1970A117) 632.9 (7)
Fitzpatrick (1973Fi13) 633.3 (3)

The weighted average of these 5 values is 633.2 keV with an internal uncertainty of 0.3 keV and a
reduced c* of 1.4. This value is in agreement with Ep,; (633.5 (6) keV) deduced from the adopted Q value
(1995Au04) in this evaluation.

3) Gamma-ray Emissions

The annihilation radiation emission intensity (I ;) 1S Ppr (=96.86(19) %), multiplied by 2, without the
correction factor for the annihilation-in-flight process in the medium. That is, I, = 193.72(27) %.
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22Na - Comments on evaluation of decay data
M. Galén

No substantial differences with previous Helmer and Schénfeld “*Na evaluation (1999BeZQ) are
found. Only Q-value is changed and a new &/B* experimental ratio (2009NA08) is available
since 1997.

1) Decay Scheme
?2Na disintegrates by electron capture and B* emission to excited level of 1274-KeV in #Ne.

?2Na ground state has J, = 3" from Helmer and Schonfeld evaluation (1997).

The level scheme is complete. A good agreement has been found between the total decay energy
of 2843,0 (24) keV computed for this decay scheme by RADLST code and the Q value of
2843,02 (21) keV.

2) Nuclear Data

The Q value is from new value of 2009AuZZ: Q B* = 2843,02 (21) keV obtained from the most
recent measurements of 2004Mu26 and 2008Mu05. Other: 2842,3 (4) (2003AUO03).

The measured “’Na half-life values, in years, are:

Reference Value (a) Comments
2002UNO02, 1992UNO01 2,6037 (3)
1982RUZV 2,6018 (7)
1980HO17 2,6019 (4)
1965AN07 2,613 (11) Rejected by Chauvenet’s criterion
1965AN07 2,603 (1)
1965AN07 2,602 (11)
1961WY01 2,62 (2) Rejected by Chauvenet’s criterion
1957ME47 2,58 (3) Rejected by Chauvenet’s criterion
Mean Reduced y*
LWM 2,6029 (8) 3,32
NRM 2,6023 (3) 2,37
RT 2,6021 (3)

1965ANO07 reported a fourth value of 2,5917 (30) which has been omitted from the analysis as it
is inconsistent with all of other values. The previous values of 2,6019 (3) in 1980RUZX
(replaced by 1982RUZV) and that of 2,5775 (3) in 1982HOJZ (replaced by 1992UNO01) have not
been included.

The Lweight for Excel and AveTool computer codes have been used with these eight input
values. The weighted mean of the Limitation of Relative Statistical Weight Method (LWM) was
the same result in both codes. AveTool also estimates the weighted mean by two more methods:
Normalised Residual Method (NRM) (1992JA06) and Rajeval Technique (RT) (1992RA08).
Following the most conservative method of LWM the eight values have been considered.
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As it was discussed by Helmer and Schénfeld in their previous ?Na evaluation (see Comments
on ?Na evaluation, 1999BeZS), the value of 2002UNO02 is inconsistent with the other recent
values from 1982RUZV and 1980HO17 and one could exclude the values before the 70’s.

The values in 1957ME47, 1961WYO01 and 1965AN07 were rejected based on the Chauvenet’s
criterion. For the remaining values, the largest contribution to the weighted average comes from
the value of Unterweger (2002UNO02). The LWM method increased the uncertainty of this value
1,093 times in order to reduce its relative weight to 50 %. The final uncertainty is also expanded
from 0,0004 to 0,0008 to include de most precise value of 2,6037.

The recommended value is the more conservative LWM mean, 2,6029 (8) a or 950,6 (3) d
[1a= 365,242 198 78 d (1999BeZQ)] with an internal uncertainty of 0,0002 and an external of
0,0004.

Level energy has been obtained from a least-squares fit to y-ray energies (GTOL computer code).

2.1) Electron Capture and Positron Transitions

Many different e/ ratios for the 1274-keV level have been measured. They are reported in
Table 1 and compared with theoretical estimations:

Reference &/B” (experimental) &/p” (theoretical) Comments
1954KR**" 0,124 (12)

1954SH*** 0,110 (6) 0,1135 (20)

1954Z\W*** 0,111

1955AL**Y 0,122 (10)

1958K0O75 0,109 (8)

1959RA09 0,112 (4)

1964W104 0,1041 (7)

0,1138 (25) omitting e” exchange correction
1967LE07 0,1048 (7) 0,100 (6) with e” exchange correction
1968VA13 0,1042 (10) 0,1118 (25)

From K/B* = 0,1050 (90). The factor
1969MC06 0,1136 (37) 1/1,0816 from 1977B0O10 was used.
1976 MA38 0,1077 (6)
1977BA48 0,1117 (4)
1977B0O10 0,1128 (57)

1978FI11 0,1152 (3)
1983BA41 0,1079 (3)
1990KU11 0,1050 (29) 0,1116 (3)
2009NA08 0,1084 (27)

T References not appear in NSR database. Nomenclature has been added by evaluator.

As can be seen in Table 1, experimental results present important discrepancies and they do
differ substantially from theoretical predictions. Firestone et al. (1978FI11) discussed further
about the anomalous &/p* in #Na.

Statistical analyses of the experimental values have been done. In the experimental dataset the
LWM method rejected 1954KR01 and 1955AL01 values based on Chauvenet’s criterion. The
uncertainty of 1983BA41 was changed to reduce its relative weight to 50 %. For the 12 input
values the weighted mean is 0,1068 with an internal uncertainty of 0,0002 and a external of
0,0005 and a reduced y? of 2,25. The adopted value is 0,1068 (11) with an uncertainty increased
to include the most precise value of 0,1079. If data before 1960 are rejected the LWM is
0,1067 (12) with expanded uncertainty and reduced y? of 2,8.
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Experimental data and theoretical estimations are found to differ up to 10 %.

P (1274)
P . (1274)

yil

The Pg" and P; were derived as follows: with =0,1068(11) from experimental results

P (1274
and with /];(—(())) =1600(400) from 1953WR13, these ratios were introduced in the relationship

st

100=P,. (1274)+ P, (1274)+ P, (0) neglecting the electron capture branching to the ground state.
Then one obtain, Pg+(0) = 0,056 (14) %.

Then, the LOGFT program (theory) was run considering P..p+(1274) = 99,944 (14) % and
Pe+p+(0) = 0,056 (14) %. The &/B" for the ground state estimated by the code is 0,01782 (18).
Thus one has:

100=P,. (1274) + 0,1068(11) x P, (1274) + x P, (1274) +0,01782(18) x xP . (1274)

1 1
1600(400) 1600(400)

That gives:

Ps+(1274) = 90,30 (9) %
P. (1274) = 9,64 (9) %
Ps+(0) = 0,055 (14) %
P.(0) = 0,00098 (25) %

Using EC-Capture program we have: Px=0,9233 (35) and P, =0,0767 (35)

2.2) y-ray Transitions
Transition Probabilities
The y-transition probability is P;+(1274) + Pg.(1274) = 90,30 (9) + 9,64 (9) = 99,94 (13) %
Internal conversion coefficients
The internal conversion coefficients (ICC) have been calculated using the Brlcc computer code,
which interpolated ICC values from tables of Band et al. (2002BA85). Associated uncertainties
are 1,4 %. The theoretical value of 6,71 (9) x 10 agrees with the value of 6,8 (4) x 10 from the
analysis of experimental data (1985HAZA).

The theoretical o, (1979SC31) interpolated for this E2 transition is found to be 2,34 (3) x 107.

3) Atomic Data
3.1) Atomic values (o, @ and n.) are from 1996SCO06.

3.1.1) X-Radiations, 3.1.2) Auger electrons

CIEMAT/M. Galan 3 July 2009



. 22
Comments on evaluation Na

The X-ray and Auger electron emission probabilities have been deduced from y-ray and
conversion electron data by using the computer code EMISSION. Results were verified with the
RADLST computer code. Differences between both codes were less than 4 %.

4) Electron Emissions

The B* and the electron capture emission probabilities are discussed above.

5) Photon Emissions
Energies

y-ray energy 1274,537 (7) is from 2000HE14. The level energy has been computed to account
for the recoil energy in the daughter nucleus.

y-ray emissions

The absolute P, is evaluated from P, . c. and the total internal conversion coefficient o = (o +

OLT) .

o _ P _99,94(13)
7 1+a 1+3,01(4)x107°

= 99,94(13)%

The annihilation radiation emission probability is taken to be 2 times Pg., that is 180,7 (2) %
without the correction factor for the annihilation-in-flight.

Additional reference:

R.G. Helmer, E. Schonfeld (1999BeZS) Evaluation and comments on evaluation of ?Na. Table
des Radionucléides, CEA-ISBN 2-7272-0211-3 (1999).
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Commentson evaluation

1 Decay Scheme

24Na

Comments of #Na Evaluation
by R. G. Helmer and E. Schonfeld

The decay scheme is complete since the four levels populated in this decay are the only excited

levels in 24Mg below the decay energy.

The spins, parities, and half-lives of the excited levels are from the Endt evaluation 1990En08.

2 Nuclear Data

For the half-life, the following values are available (in hours):

14.90 (2) 1949Wi10, Wilson and Bishop (1949)

15.10 (4) 1950C069, Cobble and Atteberry (1950)

14.97 (2) 1953L009, Lockett and Thomas (1953)

14.90 1955T007, Tobailem (1955) omitted - no uncertainty
14,959 (10)  1958Ca20, Campion and Merritt (1958)

14.953 (13)  1960W007, Wolf(1960)

15.05 (2) 1961Wy01, Wyatt et al. (1961) superseded by 1972Em01
15.04 (5) 1962Mo021, Monahan et al. (1962)

15.00 (2) 1968Lal0, Lagoutine et al. (1968) superseded by 1982La25
15.16 (5) 1969Kel4, Kemeny (1969) omitted - no background subtraction
15.030 (3) 1972EmO01, Emery et al. (1972) omitted - outlier

14,969 (12)  1974Ch25, Chakraborty (1974); average of 6 values with external uncertainty
15.09 (6) 1976Ge06, Genz et al. (1976)

15.010 (28)  1978Da21, Davis et al. (1978)

14.9590 (12) 1980H017, Houtermans et al. (1980)

14.964 (15)  1980Mull, Muckenheim et al. (1980)

14,965 (10)  1980RuZY, Rutledge et al. (1980) superseded by 1982RuzY
14,965 (10)  1982RuZzV, Rutledge et al. (1982)

14.956 (3) 1982La25, Lagoutine, Legrand (1982); originally s=0.008 divided by 3
14,951 (3) 1982H0ZJ, Hoppes et al. (1982) superseded by 1992Un01
14.9575 (28) 1983Wa26, Walz et al. (1983)

15.027 (2) 1989ADb05, Abzouzi et al. (1989) omitted - outlier

14.90 (2) 1991B034, Bode et al. (1991)

14,9512 (32) 1992Un01, Unterweger et al. (1992)

14.86 (12) 1994Mi03, Mignonsin (1994)

14.9574 (20) adopted value, LRSW weighted average

In the final weighted average, the values of 1972EmO01 and 1989Ab05 have been omitted

because they are outliers; both are over 30s from the adopted value. If these values are included, the

reduced-c2 value is about 80. For the 17 values included, the Limitation of Relative Statistical Weight,
LRSW, method (1985ZiZY, 1992Ra08) increases the uncertainty of the value of 1980H017 from 0.001
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to 0.0016 in order to reduce its relative weight from 73% to 50%. In addition to this relative weight,
those of the values of 1982La25, 1983Wa34, and 1992Un01 are between 13 and 15%. For the final

weighted average the internal uncertainty is 0.0012, the reduced-c?2 value is 3.01, and the external
uncertainty is 0.0020.

1974Ch25 have measured this half-life for solid NaCl and for an aqueous solution. No change of
the half-life was observed, contrary to the report of 1969Kel4.

The Qp. value is taken from the 1995Au04 evaluation.
2.1 b Transitions
The energies are calculated from the Q.- value and the level energies. In the following list, nine values of

the experimentally determined b- end-point energy (in keV) for the transition to the 4122-keV level are
compared with the value derived from Q value.

1394 (4) 1957P036, Porter et al. (1957)

1389 (4) 1958Dal0, Daniel (1958)

1389 (2) 1961De23, 1965De25, Depommier and Chabre (1961)
1395 1963Pa20, Paul et al. (1963)

1393 (3) 1964Le09, Lehmann (1964)

1394 (2) 1965Be24, Beekhuis and De Waard (1965)

1389.2 (5) 1969B048, Booij et al. (1969)

1389 (2) 1972Gil7, Gils et al. (1972)

1390 (1) 1976Ge06, Genz et al. (1976)

1392.94 (16) Q- E(4122)

The measured and calculated probabilities (in %) of the b- transitions are:

Level 1950Gr01 1951Tul2 Present evaluation
(keV) Grant(1950)  Turner (1951)
5236 0.057 (7)
4239 <0.002
4122 100 100 99.939 (8)
1368 <0.01 0.003 0.003 (2)
0 <57 1010

The 4t forbidden b- branch to the ground state has not been observed. From the experimental

limit on the number of counts in the b- spectrum above 4140 keV, 1951Tul2 give lgft > 15.1. The Ig
ft systematics of 1998Si17 lists four decays of this type with Ig ft values of 22.5 to 24.3. Since this is a
very small set of values, we have taken the lower limit of the 2*Na Ig ft to be 20, which corresponds to

Ip- (0) < 5x10-109%; this value is adopted.

The b-branch to the 4238 level is a 2nd forbidden transitions and the lg ft systematics (1998Si17)
give lgft > 10.6 which corresponds to Iy- (4238) < 0.002%; this value is adopted. This small value is
supported by the adopted decay scheme for which the intensity of the 998-keV gray feeding this level is

more [0.00151(25)] than that depopulating it [0.00024(3) + 0.00084(10)]. An unobserved g-ray of 116
keV could also depopulate this level.
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No direct measurements are reported for the b- transitions to the 4238- and 5236-keV levels.
The adopted value for the transition to the 1368-keV level is based on the measurement of 1951Tul2
[Turner and Cavanagh (1951)] who gave no uncertainty. The adopted value for the transition to the
5236-keV level was calculated from probabilities of the two de exciting g-rays and their internal and pair
conversion.

The b- branch to the 4122-keV level is 100% less the intensity of those to the levels at 0, 1368,
4238, and 5236 keV. The sum of the latter four is 0.061(8)%, so the former is 99.939(8)%.

2.2 Gamma Transitions

The transition probabilities of the 3866- and 4237-keV grays are determined from the following
measurements:

3867 keV 4237 keV
1960Ar10, Artamonova et al. (1960) 0.09 (2) 0.0015 (5)
1962Mo021, Monahan et al. (1962) 0.075 (20) 0.008 (3)
1968Va06, van Klinken et al. (1968) 0.063 (6)
1970Lel12, Lebowitz (1970) 0.0489 (25) <0.0033
1972Ra21, Raman et al. (1972) 0.061 (5) 0.00084 (10)
Adopted value 0.056(7) 0.00084(10)

For the 3866-keV gray, the adopted value is the average of all five values, which gives an
internal uncertainty of 0.0026, a reduced-c?2 value of 2.46, and an external uncertainty of 0.0041, and the
final uncertainty was expanded to include the most precise value. For the 4237-keV gray, the value of
1972Ra21 is adopted as it is considered to be the most reliable and it is consistent with the limit of
1970Lel2.

The 996- and 2869-keV gray transitions are not observed in 2*Na decay, but their emission
probabilities can be deduced from the relative probabilities in other decays or reactions. The transition

probability of 996-keV g-ray was calculated from the measured P(996)/P«3866) ratio. For this ratio, the
measured values are :

0.017 (5) 1972Me09, Meyer et al. (1972) from 2Na(p,9)

0.019 (2) 1973Lel5, Lecciaet al. (1973) from 22Na(p,9)

0.015 (3) 1975B043, Boydell et al. (1975) from 23Na(p,9)
0.0260 (17) 1981Wa07, Warburton et al. (1981) from 24Al e decay
0.030 (4) 1990En02, Endt et al. (1990) from 23Na(p,9)

0.022 (4) Adopted value

The adopted value is the weighted average value of 0.0222 with an internal uncertainty of
0.0011, a reduced-c? of 4.6 and an external uncertainty of 0.0024. The LRSW method increases the final
uncertainty to 0.004 to include the most precise value of 0.0260. With the above value of P«3866), we
obtain P4996) = 0.00123(27).

The ratio P¢2869)/P4237) ratio has been measured as follows:
0.30 (3) 1972MeQ9, Meyer et al. (1972) from 23Na(p,9)
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0.30 (3) 1972Ra21, Raman et al. (1972) from 2*Mg(n,n'g)

0.299 (15) 1973Lel5, Lecciaet al. (1973) from 2Na(p,g)

0.267 (7) 1973Br16, Branford (1973) from 22Na(p,9)

0.299 (19) 1975B043, Boydell (1975) from 2Na(p,9)

0.304 (19) 1981Wa07, Warburton et al. (1981) from 24Al e decay

0.284 (7) Adopted value

The adopted value is the weighted average of all six values after the uncertainty for the 1973Br16
value was increased from 0.007 to 0.009 to reduce its relative weight from 63% to 50%. This average has

an internal uncertainty of 0.006, a reduced-c2 of 1.37, and an external uncertainty of 0.007. With the
above adopted value of 0.00084(10) for P((4237), one obtains P2869) = 0.00024(3).

If there are no direct feeding the ground state by 3- decay or the unobserved gtransitions of
4122 and 5236 keV, T(1368) = 100 — T(4237) = 99.99916(10) where Tq=P4(1.0 + a + ap). Upper
limits for transition intensities of the 4122- and 5236-keV grays can be determined from the ratios
measured by 1981Wa07: P(4122)/P42754) < 0.00001, or P(4122) < 0.001 and P5236)/P3867) <
0.004, so P¢5236) < 0.00023 and by 1972Ra21 and 1967En05 which give P44122) < 0.0009 and
P«(5236) < 0.00002. If the 4122- and 5236-keV transitions have intensities equal to the latter upper
limits, the value of T1368) would reduce from 99.99916 to 99.9983. Since it is unlikely that these two

values will be at the limits, we have adopted the value of Ty1368) = 99.9990(3) and P41368) =
99.9935(5).
The 1114-keV transition between the 5236- and 4122-keV levels has not been observed in 2Na

decay. In the 24Al decay, 1981Wa07 have found an upper limit of the ratio P(1114)/P«3867) < 0.007
which yields the value of P¢1114) < 0.0004.

The transition probability of the 2754-keV gray is calculated from the balance condition
T(2754) = T((1368) - [T(2869) + T(3867) + Py,-(1368)]. This yields T¢2754) = 99.9990(3) - 0.059(7) =
99.940(7)%, which gives P¢2754) = 99.872(8)%.

From the intensity balance at the 4238-keV level, for a possible depopulating g-ray of 116 keV,
P4(116) = 0.0004(3) + 144238). Since this g-ray has not been observed, it is omitted from the scheme.

The internal-conversion coefficients are interpolated from the tables of theoretical values (Band
et al., 1976). The mixing parameters, d, were based on the following information:

genergy 1960Bal9 1963Brl5 1973Lel5 adopted
998 -5.1 (+8-12) or -0.47 (4)  -0.47 (4)
2869 +23 (9) > 30 +23 (9)

3867 large -0.21 (2) or >19 pure E2

The uncertainty of the interpolated conversion coefficients is assumed to be 3 %.

The internal-pair-formation coefficients (ap) for the 1368- and 2754-keV grays have been
interpolated from calculated values of 1979Sc31 and are in reasonable agreement with measured values
which are:

1368 keV 2754 keV

0.00116 (10)  1949Ra01
0.00076 (19)  1950Mi82
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0.00067 (10)  1951CI50
0.00006 (1)  0.00071(2)  1952BI53
0.00003 0.00080 19525152

In summary, the g-ray photon and transition intensities are:

Energy Transition Photon
(keV) (%) (%)

998 0.00151 (25)

1114 <0.0004

1368 99.9990 (3)  99.9935 (5)
2869 0.00024 (3)

2754 99.940 (7) 99.872 (8)
3867 0.056 (7)

4122 <0.0009

4238 0.00084 (10)

5236 <0.00002

If Pyis not given, it is equal to T

3 Atomic Data
The values for wy, the mean wy, and hy; are taken from 1996Sc06.

3.1 X Radiation

The mean energies of the K, radiations have been calculated from the wave lengths given by
1967Be65.

3.2 Auger Electrons

The mean energy of the KLL Auger electrons is taken from 1977Lal9.
4 Radiation Emission
4.1 Electron Emission

The energies and emission probabilities of the particles are the same as those given already in
sect. 2.1. The energies of the electron from internal conversion and internal-pair formation are

calculated from the g-ray energies. The number of electrons per disintegration for various processes are
calculated from the g-ray emission probabilities, ap, a, and the atomic data.

4.2 Photon Emission

The energies of the two main g-rays are from 2000He14. From the decay of 2Na, the energies
for the 3867- and 4238-keV grays are 3867.5(3) from 1968Va06 and 1970Lel12 and the 4237.4(10) keV
from 1972Ra21. The energies of the 996- and 2869-keV grays would then be calculated from the level
energies. The adopted values for all four of these grays have been taken from the decay of Al
(1981Wa07).

The number of photons per disintegration were calculated as described in sect. 2.2.
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5 Main Production Modes

Taken from N. Coursol, Table de Radionucléides (1982).
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*p — Comments on evaluation of decay data
by V. Chistéand M. M. Bé

1) Decay Scheme

2P disintegrates by b™ emission (100 %) to the ground state of the stable nuclide **S.

2) Nuclear Data

The Q value (1710,66 (21) keV) is from Audi and Wasptra evaluation (1995Au04), and has been
calculated with the formula:

Q=M(AZ)- M(AZ+]),

where M(A,Z) and M(A,Z+1) are the measured atomic masses of *’P and **S, respectively.

This value is in agreement with a weighted average value of 1708 (7) keV , which was calculated from
measured values of the b™ end-point energy (see b” Transition).

The measured **P half-life values (in days) are given below:

Tuz
Reference Value (days) Comments
Ambrosen (1934Am01) 17,5 (11) Omitted from analysis
Preiswerk (1935Pr20) 15,0 (15) 2
Sizoo (1936Si10) 15,0 (1) 2
Newson (1937Nel9) 14,5 (3) 2
Capron (1938Ca08) 14,5 (3) 2

Cacciapuotu (1938Cal5) 14,30 (3)

Mulder (1940Mu04) 14,07 (3) Omitted, outlier
Klema (1948K106) 14,35 (5)

Sinclair(19518Si26) 14,60 (5) Omitted, outlier
Locket (1953L019) 14,50 (4) Omitted, outlier
Bayly (1956Ba25) 14,30 (9)

Anders (1957An57) 14,223 (30) Original Uc * 2
Daniel (1958Da08) 14,2 (3)

Robert (1959R024) 14,55 (6) Onmitted, outlier
Marais (1961Ma01) 14,282 (20) Original Uc ™ 2
Goodier (1966Go17) 14,290 (28) Original Uc ™ 2
Pernaa (1969P¢16) 14,32 (1)

Lagoutine (1969La28) 14,268 (42)

Belyaev (1977Be21) 12 (2) Omitted, outlier
Mudhole (1977Mul5) 14,35 (5)

Precker (1979Pr36) 14,28 (4)

Coursey (1994Co026) 14,26 (1)
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The first five and less precise historical values were omitted from analysis. In several cases original
uncertainties have been enlarged to take into account systematic uncertainties in measurements.

The Mulder, Sinclair, Locket, Robert and Belyaev values have been shown to be outliers by the Lweight
program, based on the Chauvenet’s criterion. With the remaining 12 values, the weighted average is
14,284 d ; with an internal uncertainty of 0,006 d ; an external uncertainty of 0,01 and a reduced -c? of
2,89.

The adopted value is the weighted average : 14,284 d, with a final uncertainty expanded to include the
most precise value of Coursey ((1994C026), 14,26 (1) days)) and is 0,036 d.

The large dispersion of the original set of data (reduced -c* = 31,4) is explained by the fact that *°P is
mainly produced by **S(n, g)*’P reaction, then, resulting samples always contain *’P as an impurity which
could be not correctly taking into account.

b Transition transition

Evaluators calculated, with LOGF T program, a g ft of 7,9 for this allowed transition. The value agrees
with those suggested by Endt (1967En01, 1973En01, 1978En01 and 1990En01).

The weighted mean of the b~ end-point energy (or Q) has been calculated (with the Lweight program,
version 3) using the following measured values (in keV):

Reference Values (keV)
Lyman (1937Ly11) 1690 (24)
Newson (1937Nel9) 1590 (30)
Capron (1938Ca08) 1680 (50)
Siegbahn (19468Si107) 1712 (8)
Langer (1949La21) 1689 (10)
Marshaw (1950Ma28) 1708 (8)
Agnew (1950Ag05) 1718 (10)
Jensen (1952Je12) 1704 (8)
Antoneva (1954An18) 1712 (8)
Pohm (1956P0o01) 1712 (6)
Ricci (1957Ri32) 1695 (15)
Daniel (1958Da08) 1705 (4)
Johnson (1958J012) 1711 (3)
Nichols (1961Ni22) 1707 (1)
Fehrentz (1961Fel5) 1705 (4)
Bosch (1963B036) 1706 (11)
Canthy (1966Ca31) 1697 (2)
Fishbeck (1968Fil7) 1710(2)
Flothmann (1969F125) 1701,2 (4)
Persson (1971Pe(7) 1707 (4)
Booij (1971B006) 1706 (4)
Zemann (1971Ze02) 1711 (2)
Moore (1976Mo13) 1712,0 (8)
Greenwood (1993Gr10) 1710,0(30)
Kojima (2001K020) 1708 (2)

Evaluators calculated the weighted average of these 25 values using the Lweight program (version 3) as
1705,0 keV with an uncertainty of 3,8 and a reduced -c* 0of 9,6. The Lyman (1937Ly11), Newson
(1937Ne19), Capron (1938Ca08), Langer (1949La21), Agnew (1950Ag05), Ricci (1957Ri32) and Canthy
(1966Ca31) values have been shown to be outliers by the Lweight program, based on the Chauvenet’s
criterion. For the remaining 18 values, the weighted average is is 1708,0 keV with an internal uncertainty
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of 0,36 keV, an external uncertainty of 1,1 keV and a reduced -c? of 8,6. The final uncertainty is 7,0 keV
(expanded so range includes the most precise value of Flothmann (1969F125)). This value is in agreement
with the adopted Q value (1995Au04) in this evaluation.
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1963B036 - H. E. Bosch, T. Urstein, Nucl. Instr. Meth. 24 (1963) 109 [End-point energy].

1966Ca31 - M. J. Canty, W. F. Davidson, R. D. Connor, Nucl. Phys. 85 (1966) 317 [End-point energy].
1966Go17 - I. W. Goodier, D. H. Pritchard, Int. J. Appl. Rad. Isotopes 17 (1966) 121 [Half-life].
1967En01 - P. M. Endt, C. van der Leun, Nucl. Phys. A105 (1967) 1 [End-point energy, Half-life, Q, Ig
ft].

1968Fi17 - H. J. Fischbeck, Phys. Rev. 173 (1968) 1078 [End-point energy].

1969F125 - D. Flothmann, W. Wiesner, R. Lohken, H. Rebel, Z. Phys. 225 (1969) 164 [End-point
energy|.

1969Pel6 - D. W. Pernaa, Int. J. Appl. Rad. Isotopes 20 (1969) 613 [Half-life].

1969La28 - F. Lagoutine, J. Legrand, Y. Le Gallic, Int. J. Appl. Rad. Isotopes 20 (1969) 868 [Half-life].
1971Bo06 - H. M. W. Booij, E. A. van Hoek, H. van der Molen, W. F. Slot, J. Blok, Nucl. Phys. A160
(1971) 337 [End-point energy].

1971Pe07 - B. . Persson, 1. Plesser, Nucl. Phys. A167 (1971) 470 [End-point energy].

1971Ze01 — H. Zemann, Nucl. Phys. A175 (1971) 385 [End-point energy].

1973En01 - P. M. Endt, C. van der Leun, Nucl. Phys. A214 (1973) 1 [End-point energy, Half-life, Q, Ig
ft].

1976Mo13 - R. B. Moore, S. I. Hayakawa, D. M. Rehfield, Nucl. Instr. Meth. 133 (1976) 457 [End-point
energy].

1977Mul5 - T. S. Mudhole, Indian J. Pure and Appl. Phys. 15 (1977) 284 [Half-life].

1977Be21 - B. N. Belyaev, S. S. Vasilenko, A. I. Egorov, A. 1. Pautov, Izv. Akad. Nauk. (Ser. Fiz.) 41
(1977) 66 [Half-life].
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1978En01 - P. M. Endt, C. van der Leun, Nucl. Phys. A310 (1978) 1 [End-point energy, Half-life, Q, Ig
ft].

1979P136 - J. Precker, K. Blansdorf, Atomkernenergie 34 (1979) 136 [Half-life , End-point energy].
1985Wa2l - A. H. Wapstra, Nucl. Phys. A432 (1985) 1 [End-point energy].

1990En01 - P. M. Endt, Nucl. Phys. A521 (1990) 1 [End-point energy, Half-life, Q, Ig ft].

1993Gr10 - R. C. Greenwood, M. H. Putnam, Nucl. Instr. Meth. Phys. Res. A337 (1993) 106 [End-point
energy].

1994Co026 - B. M. Coursey, J. M. Calhoun, J. Cessna, D. B. Golas, F. J. Schima, M. P. Unterweger, Nucl.
Instr. Meth. Phys. Res. A339 (1994) 26 [Half-life].

1995Au04 - G. Audi, A. H. Wapstra, Nucl. Phys. A595 (1995) 409 [Q].

1996Sc33 - E. Schonfeld, H. Janben, Nucl. Phys. Instr. Meth. Phys. Res. A369 (1996) 527 [Atomic data].
2001K020 - Y. Kojima, M. Shibata, H. Uno, K. Kawade, A. Taniguchi, Y. Kawase, K. Shizuma, Nucl.
Instr. Meth. Phys. Res. A458 (2001) 656 [End-point energy].
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*p _ Comments on evaluation of decay data
by V. Chistéand M. M. Bé

1) Decay Scheme

3P disintegrates by b™ emission (100 %) to the ground state of the stable nuclide *S.

2) Nuclear Data

The Q value (248,5 (11) keV) is from Audi and Wapstra evaluation (1995Au04), and has been calculated
with the formula:

Q=M(AZ)- M(AZ+]),

where M(A,Z) and M(A,Z+1) are the measured atomic masses of *°P and **S, respectively.

Q, calculated with the formula, is in agreement with a weighted average va lue of 248,5 (10) keV, which
the evaluators have calculated from measured values of the b™ end-point energy (see b™ Transition).

The measured **P half-life values (in days) are given below:

Tuz
Reference Value (days)
Sheline(1951Sh22) 25(2)
Jensen (1952Je12) 24,8 (5)
Westermark (1952We01) 25(2)
Nichols (1954Ni06) 24,4 (2)
Westermark (1954We03) 25,4 (2)
Russell (1958Ru07) 25 (1)
Fogelstrom-Fineman (1960Fo14) 25,2 (5)
Reynolds (1968Re20) 25,30 (5)
Lagoutine (1972La21) 25,56 (7)

Nichol’s value (24,4 (2)) is an outlier (based on Chauvenet’s criterion). The weighted average of the eight
remaining values (excluding Nichol’s value) is 25,383 days with an internal uncertainty of 0,040 days ( ¢*
=1,6). Thus we recommend a half-life of 25,383 (40) d.

b” Transition

Evaluators calculated, using the LOGFT program, a g ft value of 5 for this allowed transition. This value

agrees with those given by Endt (1967En01, 1973En01, 1978En01, 1990En01 and 1998En01).

The evaluators have calculated a weighted mean of the b™ end-point energy (or Q) from the following
measured values (in keV):
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Reference Values (keV)

Sheline (1951Sh22) 270 (20)
Jensen (1952Je12) 260 (20)
Westermark (1952We01) 246 (5)
Nichols (1954Ni06) 249 (2)
Elbek (1954E107) 252 (5)
Elbek (1954E108) 250 (5)
Westermark (1954We03) 246 (5)
Russell (1958Ru07) 238 (5)

Polak (1984P009) 248.3 (13)

Evaluators calculated the weighted average of these 9 values using the Lweight program  (version 3) as
248,2 keV with an internal uncertainty of 1,0 and a reduced -c? 0of 0,87. The 2 values of Elbek (1954E107
and 1954EI108) are independents measurements. The Sheline (1951Sh22), Jensen (1952Je12) and Russell
(1958Ru07) values have been shown to be outliers by the Lweight program, based on the Chauvenet’s
criterion. For the remaining 6 values, the largest contributions to the weighted average come from the
values of Polak (1984P009), with a relative statistical weight of 59 %.

The weighted average of the six remaining input values is 248,5 keV with an internal uncertaint y of 1,0
keV and a reduced -c* of 0,23. This value is in agreement with the adopted Q value (1995Au04) in this
evaluation.

Atomic Data

Atomic values (Wg and ng; ) are from (96Sc33).

References

1951Sh22 — P. K. Sheline, R. B. Holtzman, C. Y. Fan, Phys. Rev. 83(1951)215; Phys. Rev. 83(1951)919
[Half-life, End-point energy].

1952Je12 - E. N. Jensen, R. T. Nichols, J. Clement, A. Pohm, Phys. Rev. 85(1952)112 [Half-life , End-
point energy].

1952We01 — T. Westermark, Phys. Rev. 88(1952)573 [Half-life, End-point energy].

1954Ni06 — R. T. Nichols, E. N. Jensen, Phys. Rev. 94(1954)369 [Half-life, End-point energy].
1954E107 and 1954E108 — B. Elbek, K. O. Nielsen, O. B. Nielsen, Phys. Rev. 95(1954)96 [End-point
energy].

1954We03 — T. Westermark, Arkiv Fysik 7(1954)87 [Half-life, End-point energy].

1958Ru07 —J. E. Russell, Bull. Amer. Phys. Soc. 3(1958)61 [Half-life, End-point energy].

1960F014 — 1. Fogelstrom-Fineman, T. Westermark, Acta Chem. Scan. 14(1960)2046 [Half-life].
1967En01 — P. M. Endt, C. van der Leun, Nucl. Phys. A105(1967)1 [End-point energy, Half-life, Q, 1g
ft].

1968Re03 — S. A. Reynolds, J. F. Emery, E. I. Wyatt, Nucl. Sci. Eng. 32(1968)46 [Half-life].

1972La21 — F. Lagoutine, J. Legrand, C. Perrot, J. P. Brethon, J. Morel, Int. J. Appl. Rad. Isotopes
23(1972)219 [Half-life].

1973En01 — P. M. Endt, C. van der Leun, Nucl. Phys. A214(1973)1 [End-point energy, Half-life, Q, g
ft].

1978En01 — P. M. Endt, C. van der Leun, Nucl. Phys. A310(1978)1 [End-point energy, Half-life, Q, Ig
ft].

1984P0o09 — P. Polak, L. Lindner, Radiochimica Acta 35(1984)23 [End-point energy].

1985Wa21 — A. H. Wapstra, Nucl. Phys. A432(1985)1 [End-point energy].

1990En0O1 — P. M. Endt, Nucl. Phys. A521(1990)1 [End-point energy, Half-life, Q, Ig ft].

1995Au04 — G. Audi, A. H. Wapstra, Nucl. Phys. A595(1995)409 [Q].

1996Sc33 — E. Schonfeld, H. Janben, Nucl. Phys. Instr. Meth. Phys. Res. A369(1996)527 [Atomic data].
1998En01 — P. M. Endt, Nucl. Phys. A633(1998)1 [End-point energy, Half-life, Q, 1g ft].
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“K - Comments on evaluation of decay data
by X. Mougeot, R.G. Helmer

The initial evaluation was completed in 1998. This revised evaluation was done in 2009, taking into
account the available literature by April 2009.

1 Decay Scheme

The decay scheme is complete since all of the levels in “°Ar and “°Ca below the decay energies are
populated.
The J° and half-life of the excited level are from 1990ENO08 evaluation.

2 Nuclear Data

Q values are from Audi and Wapstra 2003 (2003AU03).
A full list of the half-life measurements available by April 2009, and the reasons why certain have
been excluded by the evaluator, is given in Table 3.

Three types of measurements were carried out: T1/2(0°) and Ti2(EC, 1460 keV) which are partial
half-lives, and T2 which is the total half-life. Branching ratios are needed to evaluate the #K half-life from

these measurements: Pp. for the “K® 4Ca transition, Pec14s0 for the “K® “0Ar2+(1460 keV) transition, Pp+

and Peg for the “K® “Ar*(ground state) transition. So, Ti2(D) and Ti(EC, 1460 keV) have been
evaluated first and then, the branching ratios and the 4K total half-life.

2.1 Partial half-lives

2.1.1 T1/2(b')
Table 1: Partial measured b- half-lives.

Reference Partial T12(D°) (109 a) Comments
1948Graf 1.48 (7)
1948Hirzel 1.18 (19) Excluded by LWEIGHT (Chauvenet’s criterion)
1949Stout 1.29 (8)
1950Smaller 1.76 (5) Excluded by LWEIGHT (3s critetion)
1951Delaney 1.24 (1) Excluded by LWEIGHT (Chauvenet’s criterion)
1951Good 1.46 (3)
19558U38 1.34 (3)
1955K021 1.36 (5)
1956MC20 1.44 (1)
1959KE26 1.46 (3)
1960SA31 1.37 (4)
1961GLO7 1.400 (15)
1962FL05 1.45 (40)
1965BR25 1.36 (2)
1965LE15 1.400 (2) Uncertainty increased to 6.4 ~ 106 a by LWEIGHT
1966FE09 1.41 (2)
1966Egelkraut 1.40 (7)
1971Venkataramaiah 1.31 (0)
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The statistical processing was done using the LWEIGHT program. For Ti/2(b-), the program turned
up three statistical outliers: 1948Hirzel (Chauvenet’s criterion), 1950Smaller (3S criterion), and 1951Delaney
(Chauvenet’s criterion). From the resulting discrepant data set, with a reduced-C? value of 2.62, a weighted
average was deduced. LWEIGHT increased the uncertainty of the most precise measurement (1965LE15)
from 2 to 6.4~ 106 a in order to have a maximum contribution of 50 %. The second main contribution is
1956MC20 amounting for 20 %. Finally, this evaluation leads to:

Ti/2(b-) =1.407 (7) "~ 10° a.

2.1.2 Ti1/2(EC, 1460 keV)
Table 2: Partial measured EC half-lives.

Reference Partial Tl/Z(EC’ 1460) Comments
(10%a)
1947GLO7 11 (2) Excluded by LWEIGHT (Chauvenet’s criterion)
1948 Ahrens 11.6 (2)
1950Sawyer 12 (1)
1950Graf 12 (2)
1953BUS58 11.7 (5)
19555038 13.4 (2) Excluded by LWEIGHT (Chauvenet’s criterion)
1955BA25 11.3 (5)
1957WE43 11.7 (4)
1960SA31 12.3 (6)
1965LE15 12.2 (3)
1966DeRuytter 12.2 (2)
1966Egelkraut 11.8 (5)

For the electronic capture (EC) part, all the partial half-lives, given in Table 2, were measured by
detecting the 1460 keV gamma-ray in 4°Ar. In Table 3, a partial half-life for EC is listed, evaluated by
1956Wetherill: this evaluation used four measurements of the “Ar/4K concentration ratio in young mica.

Obviously, in this case, the total branching ratio of the ¥K ® 4°Ar was determined. So, this result cannot be
used to evaluate the partial T1/2(EC, 1460 keV).

The statistical processing was done using the LWEIGHT program. It turned up two statistical
outliers: 1947GL07 and 1955SU38 (Chauvenet’s criterion). A weighted average was adopted from the

resulting consistent data set, with a reduced-C? value of 0.87. The main contributions are 30 % for
1966DeRuytter and 1948Ahrens, and 13 % for 1965LE15. Finally, this evaluation gives:

T1/2(EC, 1460 keV) = 11.90 (11) * 10° a.

2.2 Branching ratios

The branching ratios were calculated following Helmer’s method (1999BeZS). From the decay
scheme:

Peciaso + Pp+r + Py + Pecgs = 1.

In order to calculate each branching ratio, the following quantities: Pec 1460/ Pp-, Pp+/Pp- and Pecgs/ P+
must be known.

The Peciaco/Pp. tatio comes from the Ti/2(0)/T12(EC, 1460 keV) ratio. The partial half-lives
evaluated above leads to: Pec1460/Pp- = 0.1182 (12).

The b* transition of the 4K is a difficult measurement, due to a very low intensity and the pair
production which comes from the 1460 keV gamma-ray of 4/Ar. Few experiments were able to give more

than an upper limit: 1959T120 (1.3 (7) © 10%), 1962ENO1 (1.12 (14) © 10) and 1965LE15 (1.5 (5) " 10%).
The experimental set-up of 1962EN01 minimized the pair production. Following Helmer’s choice, the most

precise result is used in the present evaluation: Pp+/Pp. = 1.12 (14) © 105.
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The Pecgs/Pp+ ratio was calculated theoretically by Helmer, as described hereafter. The LOGFT
program cannot calculate this ratio for this unique 3 forbidden (3U) transition. But it can calculate the
theoretical value for 1U and 2U transitions. For the former (1U), this ratio is 8.51 (9) and for the latter (2U),
it is 45.20 (47). Making the assumption that the 3U ratio rises by the same factor (45.20/8.51), then

Pecgs/Pp+ = 240. Following Helmer’s choice, a value of 200 (100) for Pecgs/Pp+ was adopted in the present

calculation.

The following branching ratios are then deduced:

Py. = 89.25 (17) Y, Peciaso = 10.55 (11) Yo, Pec gs

2.3 Total YK half-life

Table 3: Total half-lives used for the evaluation, determined from measurements and branching ratios.

0.20 (10) %, Pp+ = 0.00100 (12) %.

Referen Type of Ti2 Coefficient | Total Ti/2 Comment
crerence measurement (10%2) (%o) ( 1072) OmmEnts
193101ban Partial, EC 1460 0.5 - - Not used : no uncertainty
1947GLO7 Partial, EC 1460 | 112 | 1055(11) | 1.16 21)
1948 Ahrens Partial, EC 1460 | 11.6(2) | 10.55(11) | 1.224 (25)
1948Graf Partial, b- 148 (7) | 8925(17) | 132(6)
1948Hirzel Partial, b- 118 (19) | 89.25(17) | 1.05 17 |Fxcluded by LWEIGHT
’ (Chauvenet’s criterion)
1949Stout Partial, b- 1.29 (8) 89.25 (17) 1.15 (7)
1949Floyd Total 1.54 (39) 100 154 (39) | Dxcluded by LWEIGHT
(Chauvenet’s criterion)
1950Sawyer Partial, EC 1460 12 (1) 10.55 (11) 1.27 (11)
1950Graf Partial, EC 1460 12 (2) 10.55 (11) 1.27 (21)
1950Faust Total 1.14 (10) 100 1.14 (10)
1950SA52 Total 1.27 (5) 100 1.27 (5)
1950Spiers Total 1.18 - - Not used : no uncertainty
1950Houtermans Total 131 (7) 100 131 (7)
1 1
1950Smaller Partial, b 176 5) | 8925 (17) | 1571 45y | xeluded by LWEIGHT
criterion
(3s criterion)
. Excluded by LWEIGHT
1951Delaney Partial, b 124 | 892507 | 11070) | —— rierion
1951Good Partial, b- 146 (3) | 89.25(17) | 1303 27)
1953BU58 Partial, EC 1460 | 11.7(3) | 1055(11) | 1.23 (5)
19555U38 Partial, b- 134(3) | 89.25(17) | 1.196 27)
19555U38 Partial, EC 1460 | 134 (2) | 10.55 (1) | 1414 (2 | xcluded by LWEIGHT
(Chauvenet’s criterion)
1955K021 Partial, b- 1.36 (5) 89.25 (17) 1.214 (45)
1955BA25 Partial, EC 1460 11.3 (5) 10.55 (11) 1.19 (5)
1956MC20 Partial, b- 1.44 (1) 89.25 (17) 1.285 (9)
1956Wetherill Partial, EC and b+ | 12.2 (6) 10.75 (15) 1.31 (7) | *Ar/*K in young mica
1957WEA43 Partial, EC 1460 11.7 4 10.55 (11) | 1.234 (44) | Direct measurement
1959KE26 Partial, b- 146 (3) | 89.25(17) | 1303 27)
1960SA31 Partial, EC 1460 | 123 (6) | 1055(11) | 1.30 (6)
1960SA31 Partial, b- 137 @ | 89.25(17) | 1.223 (36)
1961GLO7 Partial, b- 1.400 (15) | 89.25 (17) | 1.249 (14)
1962FL05 Partial, b- 145 (40) | 89.25(17) | 1.29 (36)
1965BR25 Partial, b- 136 (2) | 89.25(17) | 1.214 (18)
1965LE15 Partial, EC 1460 | 122(3) | 10.55(11) | 1.287 (34)
1965LE15 Partial, b- 1400 2) | 89.25(17) | 1.2495 (30)
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Reference Type of T2 Coefficient | Total T2 Comments
measurement (10°2) (%) ( 10%2)
1966FE09 Partial, b- 141(2) | 89.25(17) | 1.258 (18)
1966DeRuytter Partial, EC 1460 | 122(2) | 1055 (11) | 1.287 (25)
1966Fgelkraut Partial, EC 1460 | 11.8(5) | 1055 (11) | 1.24 (5)
1966Egelkraut Partial, b- 140 (7) | 89.25(17) | 1.25(6)
1971Venkataramaiah Partial, b- 131(6) | 89.25(17) | 1.17(5)
1972Gopal Partial, br 113(6) - ) uNn()ctelrltielityersre(z:n;(;z 2001BES1
1977CE04 Partial, EC 1460 | 12.30 (4) - - uNnocte‘r‘;elit}erSZ“;?gzoo —
2004K009 Total 1.248 (3) 100 1.2480 (30)

In order to evaluate the K half-life, each partial half-life was recalculated using the appropriate
branching ratio. The corresponding uncertainty was also calculated.
The LWEIGHT program turned up five statistical outliers: four by Chauvenet’s criterion

(1948Hirzel, 1949Floyd, 1951Delaney, 19555U38 (EC, 1460)) and one by 3S criterion (1950Smaller). A

weighted average was adopted from the resulting consistent data set, with a reduced-C? value of 1.62. The
data used for the evaluation of the ¥K half-life can be seen in Figure 1. The two main contributions come

from 1965LE15 (b) and 2004KO09, each of them amounting by 43 %. The adopted value is:
Ti/2 = 1.2504 (25) © 10° a. Since these measurements are not all independent, the adopted uncertainty is the
most precise uncertainty on measurement: 3.0~ 106 a, identical for 1965L.E15 (b-) and 2004KO09.

The recommended value for the 9K half-life is then: Ty/2 = 1.2504 (30) ~ 10? a, in good agreement
with the evaluations by Helmer (1.265 (13)" 10°2) (1999BeZS) and Chechev (1.258 (10) " 107 a)

(2001Chechev).

Figure 1: T/ measurements used for the present evaluation, recalculated with the branching ratios.
The red ones are excluded by LWEIGHT.
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2.4 Electron Capture Transitions

The evaluation of the branching ratios is described in Section 2.2. That is:
Peciaso = 10.55 (11) % and Pecgs = 0.20 (10) %.

The log f# value for the 1U transition (*K® 0Ar?+) was computed using the LOGFT program:
log f# = 11.55 (1).

LOGFT cannot calculate the log f# value for the 3U transition (*K® #0Ares). The evaluator chose the
same method used in Section 2.2 to calculate the Pecg/D* ratio.

So, log f# (1U) = 19.51 (5) and log f# (2U) = 20.41 (5) and then, log f# (3U) = 21.35 (10).
The Py, etc. values were computed by the LOGFT program.

2.5 b- Transitions

The b- branching ratio is 89.25 (17) %, as deduced in Section 2.2. The average energy is from the
LOGFT program.

The log f# value for this 3U transition (*K® 4Ca) is calculated with the same method as previously,
then log f# (3U) = 20.58 (1).

2.6 Gamma Transitions

The internal conversion coefficients were calculated using the Brlcc program (2008KI07) for the K,

L and M shells. The total internal conversion coefficient is: @ = 10.28 (15) = 10-5.
From the theoretical tables of 1979SC31, the internal pair formation coefficient is:

ap(1460, E2) = 7.3 (5) " 10°.
So:ar=a +a,(1460, E2) = 17.6 (5)* 105

3 Atomic Data (Ar, Z=10)
3.1 X Radiations and Auger electrons

The X-ray and Auger electron data were computed using the EMISSION program with the atomic
data of Schonfeld and JanBen (1996SCO06).

4 Radiation Emissions
4.1 Electron Emission

The b* and b- intensities were evaluated as described above in Section 2.
4.2 Photon Emissions

No new measurement was carried out for the 1460 keV gamma-ray energy in “°Ar since 1998. The

adopted value was evaluated by Helmer (1999BeZS): Eq = 1460.822 (6) keV.
The gamma emission intensity is deduced from the electronic capture probability (see Section 2.2)
and internal conversion coefficient (see Section 2.6):
14(1460) = Prc(1460) / [1 + as] = 10.55 (11) / 1.000176 (5) %.
So we have:
I4(1460) = 10.55 (11) %.
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“Ar - Comments on evaluation of decay data
by V. Chisté and M. M. Bé

This evaluation was completed in February 2010. Literature by February 2010 was included.
1 Decay Scheme
“Ar disintegrates 100 % by beta minus emissions to excited levels and to the ground state of “K.

A good agreement was found between the effective Q value (2492 (7) keV) calculated from the decay scheme
data and the adopted and recommended value from the mass adjustment of Audi (2003Au03).

2 Nuclear Data

The Q value is from the atomic mass evaluation Audi and Wapstra (2003Au03).
Spin and parities are from evaluation of P. M. Endt (1990En08).

Level energies and half-life for the 1293-keV excited level are from the mass-chain evaluation of J. A.
Cameron and B. Singh (2001Ca59).

Experimental “*Ar half-life values (in min) are given in Table 1:

Table 1: Experimental values of “Ar half-life.

Reference Experimental value (min) Comments
A. H. Snell (1936Sn01) 110 (1)
E. Bleuler (1946BI28) 109.4 (10)
H. Brown (1950Br29) 107 (3) Outlier.
W. Hilg (1951Ha78) 109.6 (4)
A. Schwarzschild (1956S¢91) 111 (1) Outlier.
H. Paul (1964Pa03) 109.8 (12)
M. Bormann (1969Bo11) 103.5 (24) Outlier.
F. Jundt (1971Ju04) 109 (2)
A. R. Rutledge (1986Ru09) 109.32 (12)
A. Abzouzi (1990Ab06) 109.640 (38)
Recommended value 109.611 (38) v? =113

The values of H. Brown (1950Br29), Schwarzschild (1956Sc91) and Bormann (1969B011) have been shown
to be outliers, based on the Chauvenet’s criterion and thus were omitted in the final calculation. With the 7
remaining values (1936Sn01, 1946BI28, 1951Ha78, 1964Pa03, 1971Ju04, 1986Ru09 and 1990Ab06), a
weighted average was calculated using the LWEIGHT computer code (version 3). The largest contribution to
the weighted average comes from the value of Abzouzi (1990Ab06), amounting to 89 %.

The adopted value is the weighted average of 109.611 min with an external uncertainty of 0.038 min. The
reduced-y? value is 1.13.

2.1 B- Transitions

The maximum energies of the B transitions in the decay of **Ar — *'K have been obtained from the Q" value
(2003Au03) and the level energies given in Table 2 from J. A. Cameron (2001Ca59).
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Table 2: “'K levels populated in the decay of *'Ar.

Level Level energy Spinand | Half-life
Number (keV) parity
0 0 3/2*
1 1293.64 (4) 712 6.7 (5) ns
2 1677.0 (3) 7/2*

The transition probability of the B transition to the ground state of *’K has been reported as (Table 3):

Table 3: Experimental values of { transition probability to the ground state of *K.

Reference Experimental value (%) Comments
A. Schwarzschild (1956Sc91) 0.88 Not used: no uncertainty.
G. R. Kartashov (1961Kal9) 0.78 (2)
H. Paul (1964Pa03) 0.82 (6)
Recommended value 0.784 (19) ¥’ =0.4

The adopted probability value of the 3 transition to the ground state is the weighted average of 0.784 % with
an internal uncertainty of 0.019 %. The reduced-? value is 0.4.

For the 1293- and 1677-keV levels, the adopted 8 transition probabilities and the associated uncertainties
were deduced from the y transition probability balance at each level of the decay scheme (see 4.2 y
Emissions).

The values of log ft and average [~ energies have been calculated with the program LOGFT for the allowed,
unique 1% forbidden and 1* forbidden B transitions.

2.2 y Transitions

The transitions probabilities were calculated using the y-ray emission intensities and the relevant internal
conversion coefficients (see 4.2 Gamma Emissions).

Multipolarity and mixing ratio of 1293-keV y-ray transition are from H. H. Eggenhuisen (1978Eg01):
1293-keV y-ray: M2 + E3, with 6 =0.118 (12)

The internal conversion coefficients (ICC’s) for this y-ray transition have been interpolated from theoretical
values of I. M. Band (2002Ba85) using the Brlcc computer program (calculation for *hole”) (2008Ki07). The
o theoretical value is compared with a measured value in Table 4. They are in agreement within the
uncertainty limits.

Table 4: Experimental and recommended (calculated) values internal conversion coefficients.

ot (1293-keV)
G. R. Kartashov (1961Kal9) 6.8 (9) 10°
Brlcc program (recommended values) 7.44 (11) 10°

The internal pair formation coefficient o..(1293 keV) is 4.92 (7) 10 (given by Brlcc computer program).
So ar, using to calculate the 1293-keV transition probability, is
ar=4.92 (7) 10° + 7.44 (11) 10° = 7.93 (11) 10°
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3 Atomic Data
Atomic values, wyk, hk. and the X-ray relative probabilities are from Schonfeld and Janfen (1996Sc06).

4 Emissions

4.1 K x-rays
The X-ray absolute intensities were deduced from the decay data using the EMISSION computer code.

4.2 Photon emissions
The energies of the y-rays given in section 5.2 are from J. A. Cameron (2001Ca59).

The experimental relative y-ray emission intensities in “*K have been obtained from all the available relative
and absolute values.

The normalization factor to convert the relative emission intensities to absolute emission intensities is
calculated using the formula:

0.99157 (20),

N = [ 100-P,(00) ) 100-0.784(19) _
A + a)P,) ) (El+a)P,)

where the sum is over all the y transitions to the ground state (1293- and 1677-keV ) and o is the relevant
coefficient. The uncertainty was calculated through the propagation on the formula given above.

The experimental y-ray emission probabilities relative to 100 for the 1293-keV y-ray are given in Table 5.

Table 5: Experimental data sets of the relative y-ray emission intensities (%)

Reference / Energy 1293.64 (4) 1677.0 (3)
(keV)
W. W. Pratt (1965Pr05) 100 5(2) 107
F. Jundt (1971Ju04) 100 5.2 (5) 10°
Evaluated value 100 5.19 (49) 107
x> 0.0094

The adopted values are the weighted means calculated by the LWEIGHT program (version 3).
The adopted relative and absolute y-ray emission probabilities are given in Table 6.

Table 6: Recommended relative and absolute y-ray intensities (%).

Ey (keV) Relative y-ray Absolute y-ray
intensity (%) intensity (%)
1293.64 (4) 100 99.157 (20)
1677.0 (3) 5.19 (49) 10” 5.15 (49) 10

LNHB/V. Chisté, M. M. Bé
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“4Sc — Comments on evaluation of decay data
by E. Browne

The Limitation of Relative Statistical Weights ! (LWM) method, used for averaging numbers throughout
this evaluation, provided a uniform approach for the analysis of discrepant data. The uncertainty assigned
to the recommended value was always greater than or equal to the smallest uncertainty of the values used
to calculate the average.

Decay Scheme

*Sc (Ty, = 3.97 h) decays 94.27(5)% by b™, and 5.73(5)% by electron capture (Q(EC)=3653.3(19) keV
(95Au04)" allowed transitions to levels at 1157.0 -, 2656.5-, and 3301.5-keV in *Ca (stable). A b"
transition from *Sc (J°= 2") to the ground state of **Ca (J°= 0") has not been observed. Su ch transition
would be second-forbidden non unique, for which the systematic trend of log ft predicts a value > 10.6
(98Si17)". For **Sc this value corresponds to a b" transition probability limit of < 0.005%. Therefore, I
used no b" feeding to the groun d state, and normalized the decay scheme using the sum of the relative
transition probabilities of the 1157.0-, 2656.4-, and 3301.3-keV gamma rays. This procedure produced a
normalization factor N=(9.9875(3) ~ 10, as it will be shown in below.

Nuclear Data

The recommended half-life of *'Sc, 3.97(4) h, is a weighted average (LWM,  $;,=0.01, c¢*/n= 8.0) of
3.927(8) h (69Ra16)™!, 4.00(2) h (66Ta01)!), and 4.05(3) h "\, Other values are: 4.04 h ), 4.01 h ), and
3.9 h ' were not used because they have no uncertainties.

Gamma Rays

Tables Ia and Ib give gamma -ray energies and relative emission probabilities, respectively, reported by
90Mel5"", 83Gu11"?, 76Co06 "%, 74HeYW !, 73Si05 %), and 90Sc08 '®. Recommended values
(weighted averages (LWM)) are given on columns 5 and 7, respectively.

Table Ia - Gamma-Ray Energies

90Mel5!" & 76Co06!"! 83Gul1!'? 74He YW 73Si05!"! Rec. Value c’/n
keV keV keV keV keV

646.55 (62) 646.5 (20)
726.49 726.3 (15) 726.0 (15)

772.7 (12) 774
1157.031 (15) 1157.015 (15)  1156.92 (15) 1156.9 (5) 1157.020 (15)  0.37
1499.489 (25) 1499.436 (15)  1499.20 (20) 1499.4 (3) 1499.460 (20) 1.3
21443 (1) 2144.43 (20) 2144.8 (8) 214433 (10) 0.34
2656.478 (30) 2656.435 (50)  2657.14 (20) 2656.4 (5) 2656.48 (7) 3.9
3301.3 (1) 3301361 (55)  3301.6 (15) 3301.35(6)  0.16
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Table Ib - Relative Gamma-Ray Emission Probabilities

Energy  90Mel5!"" 90Sc08!"  83Gu11M* 74HeYW!  73Si05!"] Rec. Value ¢*/n
keV & 76Co06!"!

646.5 0.040 0.043 (18)

726.3 =0.014 0.053 (10) 0.051 (21)

772.7 =0.0067" 0.062 (16) 0.041 (23)

1157.020  1000(3) 1000 (1) 1000 (3)* 1000 (50) 1000 (3)" 1000 (3)

1499.46 9.0 (2) 9.12(15)  9.22(37) 9.0 (10) 9.1 (4) 9.09 (15)  0.10
214433 0.02(2) 0.035 (10)* 0.039 (7) 0.036 (7)  0.41
2656.48  1.11 (4) 1.15 (6) 1.11 (3) 1.4 (5) 1.3 (1) 1.12 (3) 0.98
3301.35  0.0064 (8) 0.016 (2) 0.018 (3) 0.017 (2)* 031

From *K decay, relative to 9.0 for the emission probability of 1499-keV gamma ray.
Estimated by evaluator.
& Weighted average of 0.016(2) and 0.018(3).

#

The 726- and 772-keV gamma rays reported by 83Gull " and 73Si05 "> were not observed by 90Mel5
1 and 76Co06 "1, who reported upper limits four and nine times lower, respectively, for their relative
emission probabilities. Therefore, they probably do not belong to the decay of **Sc.

The 646-keV gamma ray was observed with about the same relative emission probability by both 83Gull
2] and 73Si05 M. These authors placed this gamma ray de -exciting a 3301-keV level, which is also de -
excited by the 2144 - and 3301-keV transitions. 90Mel5 " and 76Co06 ! did not report the 646 -keV
gamma ray. However, 76Co06 "’ have seen it in the b™ decay of *K. Table II shows the relative emission
probabilities of the 646 -, 2144-, and 3301 -keV gamma rays, which de -excite the 3301-keV level, from
both *Sc electron-capture and *'K b~ decay.

Table II - Relative Emission Probabi lities for the 646 -, 2144-, and 3301 -keV Gamma Rays from the
3301-keV Level

Energy 83Gul1!"™ 73Si05"! 76Co06!"

keV P, P, P,

From *Sc EC Decay From K b Decay

646.5 0.040 0.043 (18) 1.5 (5)
2144.33 0.035 0.039 (7) 12.9 (8)
3301.35 0.016 (2) 0.018 (3) 5.5(9)
sk ke sk sk st sk sk sk sk sk sk sk st sk sk sk sk sk sk sk st sk skeoske sk sk sk sk st sk sk sk sk st sk sk sk sk sk st sk sk sk sk sk sk sk st sk skeoske skt sk skt sk kst skeskeosk skoske sk skosk sk
R(646/2144) 1.1 1.1 0.12
R(2144/3301) 2.2 2.2 2.3

Table II shows that the ratio R(646/2144) is ten times lower from **K b™ decay than from *'Sc electron-
capture decay. Consequently, the 646 -keV gamma-ray, observed from *K decay, does not de -excite the
3301-keV level, as 83Gull had suggested, and therefore, its existence is uncertain.
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Multipolarities and Conversion Coefficients

A total measured conversion coefficient " a=6.3 (3)x107 for the 1157.020-keV gamma-ray suggests an
E2 multipolarity for this gamma-ray. The 1499.46-keV gamma-ray has an M1+1.8 (4)% E2 multipolarity
(d=+0.137(7)), determined in a g(() measurement (68Wa21)"!. The theoretical conversion coefficients
in Table 2.3 (Tables Section) for these transitions are from 76Ba63 !'*1. Conversion coefficients for pair
creation are theoretical values from 79Sc315%,

Absolute Emission Probabilities.

As mentioned before, the gamma-ray normalization factor N can be obtained as follows:
N = 1/[Pg1157(14@1157) + Pgaase) + Pyazon] = 1/[1000 (3) (1 +6.68 " 107) + 1.12 (3) + 0.064 (8)]
=9.9875(3)" 10*

The internal pair conversion coefficients (from 79Sc31"") for these gamma-rays are: a;p(1157, E2) = 4.0

" 10, ap(2256, E2) = 5.9 10, and a;p(3301, E2) =9.0 * 10™. These coefficients were not included in

the calculation shown above because their effect is negligible.

The fractional uncertainty in N should be added in quadrature to those in the relative emission

probabilities. For the 1157.020 -keV gamma-ray, which dominates this normalization, the correct

propagation of this uncertainty is as follows:

Pyabs,1157) = Py(rel, 1157) ° N'=1000 (3)/[1000 (3) (1 + 6.68 " 107) + 1.12 (3) + 0.064 (8)] =
=1/[1.0000668 + 1.18 (3)/1000 (3)] = 1/[1.0000668 + 0.00118 (3)] = 0.99875(3)

Notice that the fractional uncertainty of the relative emission probability is 0.3% , however, because of

the effect of covariances, that in the absolute emission probability is just 0.003% . Table III shows the

gamma-ray absolute emission probabilities.

Table III - Absolute Gamma-ray Emission Probabilities

Energy (keV) P4%)
1157.020 (15) 99.875 (3)
1499.460 (20) 0.908 (15)
2144.33 (10) 3.6(7)° 107
2656.48 (7) 0.112 (3)
3301.35 (6) 1.7(2)" 10°

Electron-Captureand b* Transitions

The electron-capture plus b" probabilities shown in the decay scheme have been deduced from gamma -
ray transition intensity balances at each level. For the transition to the 1157 -keV level, the values of the
individual b" and electron-capture probabilities (given in Table s 2.2 and 2.1, respectively) are based on
the recommended &b” = 0.0499(5) ratio. This ratio is a weighted average of the experimental values
0.0499(5) (83Ba41) * and 0.0497(23) (76St21) *'1. Theory predicts 0.0489 2.

Electron-capture probabilities to the various atomic sub -shells, i.e., Px, Py, Py: in Table 2.1 are
theoretical values (98Sc28)™" calculated with the computer program EC-CAPTURE™.

90Sc08 ") measured the annihilation emission probability P (511) = 1.88(3), which includes a 2.4%
correction for positron annihilation -in-flight. I confirmed the value of this correction using the
calculation procedure presented in Appendix D of the Table of Radioactive Isotopes *°!, as described
below in Table I'V.
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Table IV - Annihilation-in-flight Correction Factor

E(bin) <b">’ b* (%)" Eae P(E,.g) by

keV keV % keV % %

0-10 0.000434 0.0056 7.75

10-20 0.0056 0.0355 15.77

20-40 0.060 0.191 31.41

40-100 1.12 1.50 74.67 0.5 0.0075

100-300 26.8 12.6 212.69 1.0 0.126

300-600 140.0 30.7 456.03 2.1 0.645

600-1300 418.0 48.6 860.0 34 1.652

1300-2497 10.8 0.80 1350.0 4.8 0.038
Total b" branching 94.0 Correction factor ~ 2.47

"Average b* energy per decay

*b" bin probability

& Average b”bin energy = 100 < b"™>/b"(%)

" Positron annihilation-in-flight probability (from Fig.3, Appendix D, Table of Radioactive |sotopes)
@ Fraction (in %) of b transitions that annihilate in flight = 0.01xb"(%)x P(E.y,)

The final result, 2.47%, agrees with 2.4%, used by 90Sc08 'l

Then, the b probability is P,.(1157) = 1.88(3)/2 = 0.940(15). The electron-capture probability, Prc(1157)
= 0.9897(5) - 0.940(15) =0. 0497(15), although less accurate, is in agreement with the recommended
value given in Table 2.1.

Levels half-life

The following half-life values: 2.61(14) ps (1157 -keV level), 30(3) fs (2656 -keV level), and 35 (18) fs
(3301-keV level), shown on the level scheme, are from 90En08 %,

Atomic Data

The X-ray and Auger-electron probabilities in Section 4 have been calculated with the computer program
EMISSION™" using the gamma -ray and electron -capture data from Section 2, and atomic data from
96506

Total Average Radiation Energy

The calculated (RADLST ™) total average radiation energy of 3653.3(25) keV (which includes all the
radiations emitted by *Sc), agrees very well with Q(EC) =3653.3(19) keV (1995Au04 ') and confirms
the self consistency of the **Sc decay scheme.
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“Ti — Comments on evaluation of decay data
by E. Browne

Evaluation Procedures

The Limitation of Relative Statistical Weights "' (LWM) method, used for averaging numbers throughout
this evaluation, provided a uniform approach for the analysis of discre pant data. The uncertainty assigned
to the recommended value was always greater than or equal to the smallest uncertainty of the values used
to calculate the average.

Decay Scheme

*Ti (T1= 60.0 y) decays 100% by electron capture (Q(EC)=267.5 (19) keV) to excited levels at 67.9- and
146.2 keV only in **Sc (T,,=3.93 h), which subsequently decays by EC+b" to **Ca (stable).

90Sc08 measured the relative emission probabilities of the 1157 -, 67.9- and 78.4-keV gamma rays from a
*Ti - “Sc equilibrium source. Since the absolute emission probability of the 1157 -keV gamma ray from
*Sc¢ is well known (0.999) %, this measurement provided values for the absolute emission probabilities of
the 67.9- and 78.4 keV gamma rays as well, thus normalizing the decay scheme of **Ti.

Nuclear Data

*Ti is of considerable interest in astrophysics, since it is one of the few long  -lived gamma-ray-emitting
nuclides expected to be substantially produced during a supernova explosion. Moreover, the solar system
abundance of *Ca is believed to have originated from the nucleosynthesis of ~ **Ti and the subsequent
decays. The characteristic 1157 -keV gamma ray from **Sc, which was observed from the young
supernova remnant Cassiopeia A !, opened the possibility of deducing the mass of **Ti that was ejected in
the explosion. For this calculation, however, it was needed (among other quantities) a reasonably precise
knowledge of the **Ti half-life.

The recommended half-life of *'Ti, 60.0 (11) y, is a weighted average (LWM, s;,=0.5, ¢*/n=5.6) of:
- 60.7 (12) y ! (method: decay of count rate),

- 59.0 (6) y (98Ah03"! method: decay of count rate),

- 60.3 (13) y (98G005'"!, method: specific activity with beam fragmentation),

. 62 (2) y (98N006"", method: decay of count rate),

- 66.6 (16) y (90A111"®], method: decay of count rate), and

- 54.2 (21) y (83Fr27"), method: specific activity with accelerator mass spectroscopy).

The following results have not been included in the averaging:

. Preliminary results: 58 (10) y " (method: specific activity with beam fragmentation), 39.0 (18) y "

(method: specific activity with beam fragmentation), and 63 (3) y (97No06 '*| method: decay of count
rate).

. Older measurements: 48.2 (9) y (65Mo07 !, method: specific activity), and 46.4 (17) y (65Wi05!"%,
method: specific activity). These values significantly deviate from recent results, probably because of
systematic errors.

Woosley and Diehl '*! have recommended a half-life of 60 (1) y for *Ti, based on the 1998 values.
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Gamma Rays

Energies

*Ti emits gamma rays of 67.9 -, 78.4-, and a very weak one of 146.2 keV. The precise gamma -ray
energies for the 67.9 - and 78.4-keV transitions given in Table 4.2 (and the values corrected for nuclear
recoil, in Table 2.2) are weighted averages (LWM) of results from 63K106"%, 67Ri06"""), and 91We08!'"®
(See Table I). Other: 88A127 " (superseded by 91We08 '), The energy of 146.22 (3) keV for the 146 -
keV is from level-energy differences. A measured value is: 147.0 (15) keV (67Ri06"™).

Table I - “Ti Gamma-ray Energies

67.9 keV 78.4 keV
91We08!"® 67.8679 (14) 78.3234 (10)"
67Ri06!"" 67.85 (4) 78.38 (4)
63K106!""! 67.85 (7) 78.44 (7)
Average 67.8679 (14) 78.36 (3)
c’/n 0.13 1.3

* The uncertainty of 0.0010 was increased to 0.035 to reduce the statistical weight of this measurement
from 99.9% to 50%. Original c*/n=2.4.

Emission Probabilities

The relative emission probabilities are average values (LWM) from 88AI127"", 90Sc08™”, and
67Ri06!"", as given in Table II below.

Table II - *Ti Relative Emission Probabilities

Energy 67Ri06!"" 88AI1271 90Sc08™"! W. Average (LWM)  ¢*/n
keV P(rel.) Py(rel.) P(rel.) Py(rel.)

67.8679 (14) 0.942 (15)° 0.981 (11) 0.960 (15) 0.965 (16)® 2.3
78.36 (3) 1.000 (11)" 1.000 (11) 1.000 (13) 1.000 (11)*

146.22 (3) 0.0010 (3) 0.00093 (6) 0.00095 (3)  0.00095 (3) 0.05

" Original uncertainties of 0.005 seemed unrealistically low. Evaluator has increased these values.
& Uncertainty is the smallest of the individual values.
@ Internal uncertainty S;,=0.011

A factor to normalize relative to absolute emission probabilities was deduced as follows:
N=0.955 (15), from the average relative emission probabilities given in Table III column 2, the
theoretical conversion coefficients from Section 2.2, and the condition that the total transition

intensity to the ground state is 100%, as shown below.

[Py (67.8)(1 + ags) + Py (146)(1 + a146)] N = 100%
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N=0.974 (13), from the emission probability of the 78-keV gamma ray (0.974 (13)) relative to
an absolute probability of 0.999 (1) for the 1157-keV gamma ray in the decay of *Sc in
equilibrium with **Ti (90Sc08).

The (unweighted) average of these normalization factors is N,,,=0.964 (13) (smallest uncertainty from
input values).

Table III gives recommended relative and absolute gamma-ray emission probabilities.

Table III - Recommended Relative and Absolute Gamma-Ray Emission Probabilities

Ey (keV) Py (rel.)’ P, (abs.) &
67.9 0.965 (16) 0.930 (15)
78.36 (3) 1.000 (11) 0.964 (11)
146.22 (3) 0.00095 (3) 0.00092 (3)

" From Table 11, column 5.
% Values from column 2 multiplied by Nave (=0.964 (13))

Multipolarities and Conversion Coefficients

The following experimental conversion coefficients:  ax = 0.123 (23) (67Ri06 ™), a= 0.10 (5)
(63K106""")) for the 67.9-keV gamma ray, and ax = 0.031 (5) (67Ri06"™), a = 0.017 (8) (63K106!"%)) for
the 78.4-keV gamma ray, suggest E1 and M1  multipolarities for the 67.9 - and 78.4 -keV transitions,
respectively. Spins of 0- (for the 146-keV level) and 1- (for the 67.9-keV level) require M1 multipolarity
for the 78.4 -keV gamma ray. The evaluator has assigned from decay scheme (0 - to 2+)[M2]
multipolarity to the 146-keV gamma ray.

Total conversion coefficients also may be deduced from the measured absolute gamma  -ray emission
probabilities of 90Sc08, by using 0.7 (3)% (88Al127, delayed -coincidence experiment) for the electron -
capture feeding tothe 67-keV level, and neglecting the very weak 146 -keV transition. These
calculations are:

a(67.9) =[1.0/0.935 (15)]-1.0 = 0.069 (17); a(78.4) =[(1.0 - 0.007 (3))/0.974 (13)]-1.0 = 0.019 (14),
which agree with the measured values. Where 0.935 (15) and 0.97 4 (13) (90Sc08) are the experimental
absolute emission probabilities of the 67.9 - and 78.4 -keV gamma rays, respectively. The absolute
adopted emission probabilities were not used in this calculation because they are partially based on
decay scheme considerations (that include the conversion coefficient of the 67.9-keV gamma ray.)

Table IV shows experimental and theoretical conversion coefficients for the 67.9 -, 78.4-, and 146-keV
gamma rays.

Table IV - Conversion Coefficients

Eg aT@ ar aT* dg aK* Mult.
keV From Pg%)  Exp. Theory Exp Theory

67.8679 (14) 0.069 (17) 0.10 (5)" 0.0845 (25) 0.123 (23)¢ 0.0766 (23) El
78.36 (3) 0.019 (14) 0.017(8)"  0.032(1) 0.031 (5) 0.0273 (8) Ml
146.22 (3) 0.046 (1) 0.0414 (12) M2

67
LBNL/E. Browne Jan. 2004



Commentson evaluation Ti

" Interpolated from 76Ba63?"

* From 63K106M°!

%From 67Ri06!""!

@ See text

The experimental conversion coefficients in Table IV are quite imprecise, therefore, the evaluator has
adopted interpolated theoretical values as the recommended conversion coefficients. The interpolation
was done with the computer program ICC*,

Electron-Capture Transitions

The EC probability to the 146-keV level is given by:
&(146) = [P(78.4)+e(78.4) + P((146)+e(146)] ~ 100 =99.5 (11)% + 0.096 (3)% = 99.6 (11)%.

For the EC probability to the 0+ ground state of ~ **Sc (0+ to 2+, second forbidden) a log ft >10.6 is
expected from the systematic trend for second forbidden transiti ons (98Sil17), which corresponds to €0)
< 0.04%. Using €0)=0.04% and &(146) = 99.6 (11)% gives €67.4) = 0.4 (11)%. Experimental values
for this quantity are 0.7 (3)% (88A127 ")), and 1.9 (15)% (67Ri06 ™), both measured in gx ray
coincidence experiments.

Electron-capture probabilities to the various atomic sub  -shells, ie. Px, Py, Py in Table 2.1, are
theoretical values (98Sc28™) calculated with the computer program EC-CAPTURE™.

Levels half-life

Table V shows the experimental half -life values for the 67.3 - and 78.4 keV levels, as well as their
respective recommended (i.e., average) values.

Table V - **Sc Levels half-life

67.9 keV 78.4 keV

153 (2)ns  (67Ri06"7) 50 (3) ms (63K106MT)
153 (1)ns  (62Th12P)) 495(10)ms  (64Br27%"
180 (20)ns  (59Cy901°") 51.209)'m  (88A127M"))

166 (5)ns  (63KI106M

155@2)ns  (75Gu24®*)

1548 (8) ns  (88A127!")

Avg.(LWM) = 154.2 (8) ns Avg. (LWM) = 50.4 (7) ns
c’/n=1.95 c’/n=0.77

" The uncertainty was increased from 0.3 (c*/n = 1.4) to 0.9 to reduce its statistical weight from 91% to
50%.

Atomic Data

The X-ray and Auger-electron probabilities in Section 4 have been calculated using the ga mma-ray and
electron-capture data that are presented in Section 2, and using atomic data from 96Sc06%*"..
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Total Average Radiation Energy

Our calculated (RADLST P%) total average radiation energy of 268 (3) keV (which includes all the
radiations emitted by *'Ti), agrees very well with Q(EC) = 267.5 (19) keV (95Au04 ") and confirms the
quality and completeness of the **Ti decay scheme.
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%S¢ - Comments on evaluation of decay data
by R. G. Helmer

1 Decay Scheme

The only levels in **Ti below the decay energy are those populated in this**Sc b™ decay, so
that portion of the decay scheme is complete. However, **Sc can also electron-capture decay, €, to
levels in **Ca with a decay energy of 1368 keV. The available levels are 0 at 0 keV and 2" at 1346
keV with e branches that are 4™ forbidden and 2™ forbidden, respectively. From systematics
(1998Si17), the corresponding log ft limits are 3 22.5 and 3 10.6, and the deduced Pep limits are
£ 1.0° 10"™%and £2.5" 10 %, respectively. Therefore, these e branches are negligible.

The JP values and half-lives for the excited levels are from Adopted Levels in Nuclear Data
Sheets (2000Wu08).

2 Nuclear Data
Q value is from Audi and Wapstra 1995 (1995Au04).
The half-life values available are, in days:

85 (1) (1940Wa01) omitted from analysis
84.1 (3) (1956Sc87)  omitted from analysis
83.89 (12)  (1957Ge07) omitted from analysis
84.4 (2) (1957Wr37) omitted from analysis
83.80 (3) (1965An07) superseded by 1982HoZJ
84.34 (13)  (1974Cr05) omitted as outlier

83.75 (3) (1977MeZP) superseded by 1980RuZY
83.819 (6) (1980H017)

83.79 (6) (19800103)

83.752 (15)  (1980RuZY)

83.79 (6) (1982HoZJ) superseded by 1992Un01
83.752 (15) (1982RuZV) same as 1980RuZY
83.73 (12)  (1983Wa26)

83.83 (7) (1992Un01)

83.788 (22)  Adopted value

This set of values is inconsistent which causes the adopted value to depad on the choice of
the values used and the "averaging" method used. The values have decreased over time; the
unweighted average of the four not superseded values before 1978 (1940Wa0l, 1956Sc87,
1957Ge07, and 1957Wr37) is 84.18, whereas the same average  for the five values after 1978
(1980H017, 19800103, 1980RuZY, 1983Wa26, and 1992Un01) is 83.78. The values reported before
1960 were omitted from the analysis since it would have been difficult to determine the presence of
a small amount of a longer-lived impurity with the spectroscopy methods then available.

The discrepancy among the values is illustrated by the values of 84.34(13) (1974Cr05),
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83.819(6) (1980H017), and 83.752(15) (1980RuZY). The first two values differ by 0.52(13) and
the last two by 0.067(16), or about4s in each case. The latter two values have the greatest weight in
any weighted average, so the results will depend on how the analysis modifies their relative weight,
and the first value will give the largest contribution to thec? value. Of the remaining six values not

superseded, that of 84.34(13) (1974Cr05) is considered an outlier and is omitted.

For the remaining five values not superseded, the following averages are obtained:

unweighted 83.784 (19)
weighted 83.810, Siy =0.006, reduced-C*=4.46, S oy =0.013
RAJEVAL 83.776 (20)
Normalized residuals 83.793 (16)

LRSW - weighted average  83.788, S, =0.010, reduced-02=1.67, Sexi=0.022
and S1rsw=0.031

The RAJEVAL method (1992Ra08) increases bothof the two smallest uncertainties, namely, 0.006
t0 0.043 and 0.015 to 0.026, which causes the value of 1980RuZY to have the largest weight. The
Normalized Residuals method (1992Ja06) also increases both of the two smallest uncertainties but
by different amounts, namely, 0.006 to 0.022 and 0.015 to 0.028, which leaves the value of
1980Ho17 with the largest weight, but only by a small amount. In contrast, the Limitation of
Relative Statistical Weight, LRSW, method (1985ZiZY, 1992Ra08) only increases thanost precise
uncertainty, namely that of 1980Ho017, from 0.006 to 0.014 in order to reduce its relative weight to
50% from its initial 84%. The LRSW method expands the final uncertainty to 0.031 in order to
include the most precise value. [The LRSW method finally suggests the unweighted average of
83.96(14), but that choice 1s not accepted here. |

The results from the RAJEVAL, Normalized residuals, and LRSW methods all are in good
agreement and the adopted value, 83.788(22) is taken as the latter valusvith its external uncertainty.

2.1 b Transitions

The b™ branch to the ground state of *°Ti is 4™ forbidden with an expected log ft 3 22.5
(1998Si17) and a correspondingP,.(0) £ 1 107! %, the measured limit isE 1~ 10™% (1954Ke04).

Similarly, for the 2™ forbidden decay to the 889 level, the expected log  ft 3 10.6 which
corresponds to Py (889) £0.8 %. The measuredl,. to this level are 0.096(1) (1954Ke04), 0.0036(7)
(1956W009), £ 0.06 (1950M062), and £ 0.05 (1950S057). Some previous eval uators (e.g.,
1986A119) have assigned Ip. (889) = 0.0036(7) because it is consistent with the limits of 1950Mo62
and 1950S057. However, this evaluator has some reservations about the resulting precision for I,
(2009) and, therefore, has expanded the uncetainty and gives I,. (889) = 0.004 % (+364), which is
consistent with the two limits and the value of 1956Wo009, and thus Ip. (2009) = 99.996(+4-36).

If symmetric uncertainties are required, as in ENSDF, for these quantities, Ip. (889) =
0.02(2) and I,. (2009) = 99.98(2), adopted values.

The b™ average energies and log ft values are from LOGFT code.
2.2 Gamma Transitions

The JP assignments are from the Adopted Levels in the Nuclear Data Sheets (2000Wu08) and
these imply the two @ rays have E2 multipolarities.
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The internal-conversion coefficients were interpolated from the Band tables (1976Ba63).

The internal-pair-formation coefficient was interpolated from the theoretical values
(1979Sc31) and 1s IPFC(1120) = 0.0000022 (4). This value is only abut 2 % of the corresponding
internal-conversion coefficient and, therefore, is negligible.

3 Atomic Data
The data are from 1996Sc06.

3.1and 3.2
None

4 Radiation Emissions

4.1 Electron Emission
The emission intensities are calculated from the atomic data and the decay data.

4.2 Photon Emission

The gray energies are from 2000He14 for the 889 and 1120 lines and the 2009 energy is the
sum of these values corrected for nuclear recoil.

The relative g-ray emission probability of the 2009-keV gray is from 1980Fu07.

The emission probability of the 889 -keV gray 1s [100.0 — P«2009)] /[1.0 + a(889)] =
99.999987(10)/1.000167(5) = 99.9833(5) where the uncertainty is 5 ppm from the (1.0 + &) term.

That ofthe 1120 -keV gray is [I .(2009)-P42009)]/[1.0 + a(1120)] =99.996(+4 -
36)/1.000095(3) = 99.986(+4-36), with symmetric uncertainties 99.98 (2). Herea(2009) has been
neglected.
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*ICr - Comments on evaluation of decay data

1 Decay scheme

by E. Schonfeld and R. G. Helmer

51C:r

The decay scheme is complete since there is only one excited level in'V below the decay energy and
it is populated in this decay.

The J® and half-life of the excited level are from the 1997Zh09 evaluation.
See 1973De60 for a very complete evaluation of the nuclear and atomic data related to this decay.

2 Nuclear Data
Q value is from Audi and Wapstra (1995Au04).

The half-life data, in days, are as follows:

26.0 (10)
26.5 (10)
26
27
27.75 (30)

279 (2)
27.8 (1)
27.85 (2)
28.04 (16)
27.75 (30)

27.82 (20)
27.701 (6)
27.5

277 ()
27.80 (51)

27.704 (3)
27.679 (17)
27.76 (15)
28.1 (17)
27.721 (26)

27.750 (9)
27.703 (8)
27.72 (3)
27.690 (5)
27.71 (1)

27.705 (12)
27.73 (1)
27.704 (3)
2771 (3)
27.7010 (12)

27.703 (3)
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1940Wa02
1940Wa02
1948H004
1948Mi12
1952Ly17

1956Ka33
1956Sc87

1957Ka65
1957Ka65
1957Wr37

1963Ho17

1964Ma56

1965Sa09

1967LaZZ superseded by 1975Lal6
1968B025

1969MeZV superseded by 1982RuZV
1970WaAA  superseded by 1983Wa26
1972Em01

1973ArZ1

1973LaAA superseded by 1975Lal6

1973Vil3
1974Ts01
1975Lal6
1980Ho017
1982ChZF

1982DeY X superseded by 1983Wa26
1982HoZJ superseded by 1992Un01
1982RuzZvV

1983Wa26

1992Un01

Adopted value
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Three sets of half-life values were analyzed with the Limitation of Relative Statistical Weight, LRSW,
method (1985ZiZY,1992Ra08) ; these sets had 21, 20, and 9 values. In all three cases the LRWS analysis
increases the uncertainty of the 1992Un01 value from 0.0012 to 0.0021 in order to reduce its relative weight
from 76% to 50%.

For all 21 values with uncertainties andnot superseded, the LRSW weighted average is 27.7034 with
an internal uncertainty of 0.0015, a reduced -c* = 5.06, and an external uncertainty of 0.0034. The largest
contribution to this reduced-c” is 2.7 from the first value from 1957Ka65. If this value is removed from the
data, the remaining 20 values give an LRSW weighted average is 27.7026 with an internal uncertainty of
0.0015, a reduced-c? = 2.49, and an external uncertainty of 0.0024.

The third analysis was done with the nine values from the set ofwenty which have uncertainties of£
0.03 (namely, 1964Ma56, 1973Vil3, 1974Ts01, 1975Lal6, 1980Ho17, 1982ChZF, 1982RuZV, 1983Wa26,
and 1992Un01). In this case the LRSW analysis gives a weighted average of 27.7025, an internal uncertainty
0f 0.0015, a reduced-c” of 4.48, and an external uncertainty of 0.0032.

The adopted value of 27.703 (3) is consistent with all three of these results.
2.1 Electron Capture Transitions
The capture branching is determined from the P¢320) value (see sec. 4.2).

The Py etc. values from LOGFT and EC-CAPTURE codes agree quite well, namely

LOGFT EC-CAPTURE
Level PK PL PM+N P]( PL PM
0 0.892 0.0927 0.0154 0.8919 (17)  0.0934 (14) 0.0144 (6)
320 0.891 0.0935 0.0156 0.8910 (17)  0.0941 (14)  0.0145 (6)

The EC-CAPTURE values have been adopted.

2.3 Gamma Transitions

The internal-conversion coefficient ofa = 0.00169 (5) andax = 0.00154 (3) are from the analysis of
experimental data in 1985HaZA. These results are based on a = 0.00169 (5) (1973Wil0) and ak values of
0.00157 (8) (1969KaAA, as quoted in 1985HaZA), 0.00156 (8) (1970Cal7), 0.00146 (13) (1970Ril1), and
0.00153 (4) (1973Wil0). From K/L =11.3 (6) and L/M = 5.1 (6) from 1969Dr01, one obtaira = 0.000136
(8) and ap = 0.000027 (4). [An earlier evaluation by 1973De60 had available the latter three ax values and
deduced ax =0.00153 (4) and from the above K/L and L/M ratiosa = 0.00169 (5).] Other measured values
ofa are 0.00162 (16) (1955Bu01), 0.0031 (2) (1955Es15), 0.0015 (2) 19560103)and 0.0016 (2) (1962Gu09)
and those ofay are 0.0029 (2) (1955Es15), 0.00138 (13) (19550101), 0.00146 (10) (1968Ri17, superseded by
1970Ri11), and 0.001527 (36) (1969WiAA, as quoted in 1985HaZA, superseded by 1973Wil0).

The mixing ratio, d, deduced from these ax and a; and the conversion coefficients interpolated from
the tables of 1976Ba63 is 0.40 (4). This compares reasonable well with the value of +0.465 (20) from the
evaluation of 1997Zh09 which is based on the measured values of +0.43 (3) from  (gd), +0.52 (7) from
Coulomb excitation, and 0.49 (3) calculated from the adopted B(E2) and half-life values.

3,3.1, and 3.2 X Radiations and Auger Electrons

Data are from 1996Sc06.
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4.1 Electron Emissions

The data are from the g-ray and atomic data in sec. 2.1, 2.2, and 3. A comparison of these intensities
in %) and those from ives :
in %) and those from RADLST gi

EMISSION RADLST
L Auger 147.6 (10) 146.17 (16)
K Auger 66.4 (6) 66.32 (5)
K-320 0.0152 (3) 0.0166 (13)
L-320 0.00134 (8) 0.0016 (10)

The adopted values are from Emission.

4.2 Photon Emissions
The energy is from 2000He14.

The LRSW analysis of 9Py values gives the weighted average of 9.87% (5) with a reducedc” = 0.96.
The input values are: 9.8 6 (1955Bu01), 9 1 (1955C056), 9.72 15 (163MeZZ), 10.20 63 (1965Dh01), 9.75 20
(average of 2 values of 1965Le24), 10.2 10 (1970Ri11), 9.85 9 (1980Sc07), 10.30 19 (1984Fi10), and 9.86 8
(1991Ball). Others: » 2 (1940Wa02), 3 (1945Br02), 8 (1952Ly17), 21 (1952Ma49), 9.8 (1955Bi29), 7
(1955C056), and 10.1 3 (1970ScAA, replaced by 1980Sc07). [From a set of five values, the evaluation of
1973De60 gives a result of 9.83% (14).]

The number of X rays was calculated, by the Emission program, from the gray probabilities and
atomic data in sec. 2.1, 2.2, and 3.
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>Mn - Comments on evaluation of decay data
by R. G. Helmer and E. Schonfeld
1 Decay scheme
The decay scheme is complete since the only level in ~ **Cr below the decay energy is
populated in this decay. The b™ decay to **Fe is negligible.
The JP and half-life of the excited level are from the 1993Hu04 evaluation.
2 Nuclear Data

Q value is from Audi and Wapstra 1995 (1995Au04) evaluation.

The half-life data, in days, are as follows:

291 (1) 1955Bal0 omitted from analysis
290 (6) 1956Ka33 omitted from analysis
278 (5) 1956Sc87 omitted from analysis
313.5 (7) 1961WyO01

300 1964Be26 omitted from analysis

303 (1) 1964Mal4 omitted from analysis
311.9 (2) 1965An07

311.9 (2) 1965An07

312.6 (4) 1965An07

314 1965Sa09 omitted from analysis
312 (5) 1968Ha47

312.2 (3) 1968Lal0 quoted s of 0.9 divided by 3
312.99 (5) 19687101 quoted s of 0.10 divided by 2, omitted from analysis
312.2(9) 1969BoZX

312.16 (11)  1973MeYE superseded by 1982RuzZV
315.40 (3) 1973Vil3 omitted from analysis
312.6 (8) 1974Cr05

312.21 (%) 1979MeZY superseded by 1980RuZY
312.21 (3) 1980RuZY superseded by 1982RuzZV
312.02 (4) 1982HoZJ superseded by 1992Un01
312.21 (3) 1982RuzZV

312.19 (13)  1982RyZX

312.15(23) 1982RyZX

312.028 (34) 1992Un01

312.11 (5) 1997Ma75

312.13(3) Adopted value
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The three values from before 1960 were omitted because it would have been difficult to
determine the presence of impurities in the samples with the spectrometry methods avdable then.
The two values without uncertainties were omitted. The quoted uncertainty for the value of
1968Lal0 was divided by 3 to convert it to a 1 S value. The values of 1964Mal4, 1968Zi01, and
1973Vil3 were omitted since they are outliers; with the latter two both included the reduced-c? is
21.7 and with only 1968Zi01 included, it is 7.4.

Adopted value of 312.13 (3) is from the Limitation of Relative Statistical Weight analysis
(1985Zi2Y, 1992Ra08) of the 13 remaining values. For this fit, the internalincertainty is 0.020, the
reduced-c” =2.06, and the external uncertainty is 0.029. In this analysis, the three values from
1992Un01, 1982RuZV, and 1997Ma75 contribute 94% of the relative weight, and the latter two
which are from the same laboratory contribute 60% of the relative weight.

2.1 and 2.2 Electron-Captureand b* Transitions

The unique 2™ forbidden e+b " transition to the®*Cr ground state has not been observed, but
an upper limit can be determined from the logdt systematics (1998Si17) as wel as from searches for
the positrons. From these log ft systematics, log fo,t > 13.9 which corresponds toe+b’ branch of <
0.0007%. The experimental limits on the b" intensity come from searches for the 511  -keV
annihilation radiation. These limits are £ 8x10°% (1968Be01), £ 4.4x10°% (1989Su08), and £
5.7 107% (1993Da20). From the latter value and the theoretical &b ratio of 638(11), one has a
capture probability of £ 0.0004%. Since this limit is lower than that from the lof systematics, it is
adopted.

The Px etc. values for the branch to the 834keV level from the LOGFT and EGCAPTURE
codes agree quite well, namely

Px P Py
LOGFT 0.8895 0.0942 0.0163
EC-CAPTURE 0.8895 (17) 0.0950 (15)  0.0150 (16)

The EC-CAPTURE values have been adopted.
2.3b" Transitions

This unique 2™ forbidden b™ transition to the **Fe ground state has not been observed. A
limit on its probability can be calculated from the logt systematics (1998Si17) which give logf,t 3
13.9 and this corresponds to I(b") £ 0.0005%.

From cosmic-ray data and a model of galatic transport of cosmic rays, 1996Dul5 deduce the
partial half-life for b™ decay to be betweenl” 10°and 2~ 10°years, which corresponds to ab branch
intensity between 0.00004% and 0.00009%.

2.4 Gamma Transitions and I nternal-Conversion Coefficients
The a and ax are from the analysis of the experimental data in 1985HaZA and, are based

only on the data of 1966Ha07. The corresponding theoretical values interpolated from the tables of
1976Ba63 are 0.000252(8) and 0.000224(7) were a has been computed as ax + 1.33 " aj.
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3,3.1and 3.2 Atomic Data

Data are from 1996Sc06.

4.1 Electron Emissions
The data are deduced from the g-ray probabilities and atomic data in sec. 2.1, 2.2, and 3.

A comparison of these intensities with those from the RADLIST code for this decay scheme
1s:

Radlist EMISSION
L Auger 143.3 (4) 143.0 (6)

K Auger 63.21 (12) 63.3 (5)
K-834 0.0224 (13) 0.0224 (11)
L-834 0.002199 0.00220 (13)

4.2 Photon Emissions
The energy is from the 2000He 14 evaluation.
The gray emission probability is computed as [«834) / [1.0 + a(834)] =
99.9997(3)/ 1.000251(11) =99.9746(11). The dominant component in the final uncertainty is from

the uncertainty in a.

A comparison of the computed X-ray emission probabilities is:

RADLST EMISSION
Kax  7.659 (15) 7.66 (13)
Kai  15.04 (3) 15.0 (3)
Ko  3.056(6) 3.05 (6)

K 2576(3) 25.7 (3)

And, the measured Cr K X ray emission probabilities include:

25.7 (4) 1963Tal9
243 (12)  1965Le21
25.14(17)  1967Ba50
24.90 (53)  1967PeZZ
24.92 (17)  1968Had7

24.4 (3) 1973KoAA
24.7 (9) 1973MuAA
25.93 (14)  1978Ma06
25.1 (7) 1980C022

which are slightly lower than the calculated values, but generally are within the uncertainties.
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A284(1978)383 or 389 [Py.]

1979MeZY -J. S. Merritt, A. R. Rutledge, L. V. Smith, F. H. Gibson, report
NEANDC(CAN)-51/L (1979) 12 [Ty.]

1980C022 - D. D. Cohen, Nucl. Instr. Meth. 178(1980)481 [Px]

1980RuZV - A. R. Rutledge, L. V. Smith, J. S. Merritt, report AECL-6692 (1980) [T;]
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methodology]

1992Un01 - M. P. Unterweger, D. D. Hoppes, F. J. Schima, Nucl. Instr. Meth. A312(1992)349
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Lesko, E. B. Norman, R. G. Stokstad, F. E. Wietfeldt, I. Zlimen, PhysRev. C48(1993)31110
[e b']
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*Fe - Comments on evaluation of decay data
by M. M. Béand V. Chisté

The initial evaluation was completed in April 1998. This revised evaluation was carried out in 2005, the
literature available by December 2005 was taking into account.

1. Decay scheme

An Internal Bremsstrahlung electron capture spectrum was measured by  1saac et al., the intensity was
found to be 3.24 (6) x 107 relatively to K capture.

The JP value and level energy are from NDS 64,4 (1991). From other decay modes, the excited le vel energy
has been determined to be 125.949 (10) keV.

2. Nuclear Data

The Q value is from Audi and Wapstra (2003)
The half-life values taking into account are, in days :

(1) 9779 23 L agoutine 1982 (DSA PC)*
2) 10004 1.3 Houtermans 1980 (PC)

(3)  1009.0 1.7 Hoppes 1982 (PC, Si(Li))

4) 9968 6.0 Morel 1994 (Planar Ge)

(5) 9950 3.0 K armalitsyn 1998 (PC)

6)  1003.5 2.1 Schétzig 2000 (Si(Li))

(7) 10052 1.4 Van Ammel 2006 (DSA PC)

* (Method of measurement, PC = Proportional counter, DSA = Defined Solid Angle)

The (1) value is rejected because it is discrepant by Chauvenet’s criterion.

With this value deleted, none of the other values has a relative weight greater than 50 %.

The Lweight calculation gives, for the six remaining values, a weighted mean value of 1003.4 d, with an
external uncertainty of 1.7, an internal uncertainty of 0.7 and a reduced -c* of 5.4.

This set of value is inconsistent, the three values with lower uncertainties (2, 3 and  7) are not compatible
within their uncertainty limits. No trend can be distinguished.

So, the external uncertainty has been expanded so range to include the most precise value of 1000.4 d.

The adopted value is 1003.4 (30) d or 2.747 (8) a.

Other references not used in this evaluation due to their discrepancy or their great uncertainty comparing
with the set of recent values above :

- 1037 (11) G.L. Brownell, C.J. Maletskos, Phys.Rev. 80 (1950) 1102
-950(7)  R.P. Schuman et al., l.Inorg.Nuclear Chem. 3 (1956) 160
- 880 (44) J.S. Evens, R.A. Naumann, PPAD -2137-566 (1965) 10
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2.1. Electron Capturetransitions

The EC transition energies are from Q(EC) = 231.21 (18) and from the individual level energies.
The transition probabilities are dedu ced from the total gamma -ray transition probability balances at

each level.
The electron capture coefficients, for this allowed transition, were calculated by using the EC  -capture
program :
Px =0.8853 (16) ; PL. =0.0983 (13) ; P; = 0.0157 (6) ; Px=0.0006 (2)
The LOGFT program gives :

Px =0.885(9); PL=10.0974 (10) ; P,y = 0.0161 (2) ; Px+=0.00106 (1)
Measurements were carried out by Pengraet al. :
Px=0.881(4); PL=0.103 (4) ; Pm+ =0.0161 (8)

Results from calculations and measure ments are in good agreement, nevertheless the measured values are

dependent on Wy (= 0.314) and on the intensity of the Ka X-ray (= 0.89). So, the recommended values are

those of the EC-capture program.

- Several measurements or calculations were done to study the double K -shell ionization process. One can
quoted Campbdll et al.; where the total probability for double vacancie s in the K shell was found to be
1.3 (2) 10™, or Kitahara et al. where the probability for the ejection of another K electron during the K -
capture decay was estimated to be 1.01 (27) 10 ™. As these phenomena have very small probabilities,
these results are only quoted here as a matter of interest.

2.2. Gamma transitions

A weak gamma transition is deduced from the observation of a 126 keV gamma emission. The energy is
derived from the level energy .

3. Atomic Data

Several data for wg are deduced from measurements :

- from Smith, wx =0.320 (3) (Px=0.885(2))

- from Konstantinov et al., wix = 0.312 (3)

- from Dobrilovic et al., wix = 0.322 (5)

- from Kuhn et al., wg = 0.310 (23)

- from Hubbell et al., wx = 0.321 (7) (deduced from photoionization cross -section measurements)

A theoretical value was also calculated by Chen : wg = 0.323.

These values are in good agreement (except Konstantinov et al. and Khun et al.) with the recommended
value of wi = 0.321 (5) from the semi-empirical fit of Bambynek 1984.

v 1 and hgg are from Schonfeld et al.

3.1.1. X Radiations

The X-ray energies were obtained by conversion of the wavelength values from Bearden into energies
with 1 A =1.000014 81 (92) 10" m.

The emission intensities are calculated by the EMISSION pro gram from PTB with Wg , v and hg
quoted above and, Kb/Ka = 0.1359 (14) , Ka, / Ka, = 0.5099 (25) (Schonfeld et al.).

With Px =0.8853 (16) for this allowed transition, and wi=0.321 (5) thetotal K X-ray emission
intensity is then Px ~ wWg = 0.284 (5) which can be compared with the experimental values of 0.279 (8)
(Schétzig) and of 0.283 (2) (Smith).
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The value given by Smith was obtained in an international activity measurement exercise where six
laboratories reported results for Px © wg. The deduced weighted mean is in good agreement  with the
calculated value and has a better uncertainty. However, as pointed out by Smith, this uncertainty is
probably underestimated. So, the value of Ix = Px ~ W ~ 100 = 28.4 (5) % is adopted.

3.1.2. Auger Electrons

Complete measurements of the K Auger spectrum of manganese was performed by ~ Kovalik et al., they
found for the relative intensities of the K Auger groups :

KLM/KLL = 0.26 (2)

KMM/KLL =0.018 (2)

These values are in good agreement with the r ecommended values calculated with the EMISSION program:
KLM/KLL =0.272 (3)

KMM/KLL = 0.0185 (4)

The energies were taken from  Larkins or, for the missing lines, calculated from the electron binding
energies. Kovalik et al. also measured the energies and found a good agreement for the KLM spectrum but
observed discrepancies for the KLL and KMM groups.

4.2. Gamma emissons

A weak gamma emission superimposed on the intense inner -bremsstrahlung was observed by Zlimen et al.
and interpreted as the deexcitat ion of the first excited state of Mn -55. The gray energy is given as 126.0
(1) keV and the gray intensity as 1.3 (1) x 107 %.

From the level energy 125.949 (10) keV and with a recoil energy of 0.2 eV, the retained Qray energy is
125.949 (10) keV.
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Mn-56 — Comments on evaluation of decay data
by A.L.Nichols

Evaluated: November 1999
Re-evaluated: January 2004

Evaluation Procedures

Limitation of Relative Satistical Weight Method (LWM) was applied to average numbers
throughout the evaluation. The uncertainty assigned to the average value was always greater than
or equal to the smallest uncertainty of the values used to calculate the average.

Decay Scheme

A reasonably simple and consistent decay scheme has been constructed from the gamma  -ray
measurements of 1967Au01, 1968Sh07, 1973Ar15, 1974Ti01, 1974Ho25 and 2004MiXX. Ten
distinct gamma-ray emissions were identified with *Mn decay in these studies. An additional
gamma ray at 3119.3 keV was identified by 1968Sh01, but this emission has been discarded due
to a lack of evidence from the other studies.

Nuclear Data

The gamma-ray emissions of *°Mn are reasonably well -defined, and this radionuclide has
suitable decay characteristics for use as a calibrant over the gamma-ray energy range 840 to 2550
keV.

Half-life
Half-life adopted from the evaluation of Woods for the [AEA -CRP: Update of X- and Gamma-

ray Decay Data Standards for Detector Calibration. The measurements of 1968Sh07,
1971GoYM, 1972EmO01, 1973Lal2, 1980RuZY, 1992An13 and 1994Ya02 were considered.

Reference Half-life (days)
1968Sh07 0.10771(4)
1971GoYM 0.10742(33)
1972Em01 0.10779(25)

1973Lal2 0.107438(8)
1980RuZY 0.107350(33)
1992An13 0.107454(4)°
1994Ya02 0.1040(20)"
Evaluated value 0.107449(18)

¥ Uncertainty increased to + 0.000008 to ensure weighting factor not greater than 0.50.
Method development study: removed from data set due to uncharacteristically large uncertainty.
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Woods evaluation for IAEA-CRP (2004Wo0ZZ): recommended half-life of 0.107449(19) days or
2.57878 (46) h (using above data set, but also excluding 1994Ya02 data), adopted for this
evaluation.

Gamma Rays

Energies
A number of well -defined gamma-ray energies were adopted from the recommended standards

of 2000He14. All other gamma -ray energies were calculat ed from the structural details of the
proposed decay scheme and the nuclear level energies of 1999Hu04 (as derived from the energy
measurements of 1973Ar15, 1974Ho25 and 1974Ti01). An additional gamma ray with an energy
of 3119.3(5) keV was only detected by 1968Sh01, and has been discarded due to a lack of
evidence in all of the other studies.

Emission Probabilities

Weighted mean relative emission probabilities were determined for all of the gamma rays
assigned to the decay scheme, using the relevant data ~ from the measurements of 1967Au01,
1968Sh07, 1973Ar15, 1974H025, 1974Ti01 and 2004MiXX. All gamma -ray emissions were
expressed relative to the 846.7638 keV transition, which was arbitrarily assigned an uncertainty
of 3% (100(3)%).

Gamma-ray Emission Probabilities: Relative to Py(846.7638 keV) of 100%

Pgrel
Eq(keV)

1967Au | 1968Sh | 1973Ar | 1974Ho | 1974Ti0 2004MiXX Recomme

01 07 15 25 1 nded

Values™

846.7638(19)T 100(3) 100(3) 100(3) 100(3) 100(3) 100.000(103) 100(3)
1037.?333(24) - - 0.06(1) | 0.03(1) | 0.040(5) - 0.040(4)§
1238.%736(22) - - 0.143) | 0.13(1) | 0.10(1) 0.097(2) 0.098(2)§

1810.726(4) | 30(3) | 29.4(16) | 28.6(15) | 26.9(13) | 27.5(8) | 26.610(72) 27.2(4)

2113.092(6)7 | 17.4(17) | 16.009) | 16.08) | 143(7) | 14.5(4) | 13.956(53) | 14.4(3)

2523.06(5)° | 1.10(15) | 1.6(5) | 1.14(5) | 1.01(5) | 1.00(3) 1.025(9) 1.03(2)

2598.438(4) - ; 0.026(5) | 0.02(1) | 0.019(2) - 0.020(2)

2657.56(1)" | 0.60(10) | 0.66(6) | 0.71(4) | 0.66(7) | 0.66(2) 0.643(8) 0.652(7)°

2959.92(1) | 0.31(6) | 0.26(3) | 0.30(2) | 0.32(3) | 0.31(1) 0.314(6) 0.311(5)°

3119.3(5)" - 0.08(4) - - - -

3369.84(4)F | 0.22(5) | 0.20(4) | 0.15(2) | 0.16(2) | 0.17(1) - 0.17(1)

" Energy adopted from 2000He14.

: Energy calculated from the nuclear level energies specified by 1999Hu04.

*Energy from 1968Sh07, but transition not included in proposed decay scheme.

) Weighted mean values adopted using LWEIGHT, unless stated.

¥ Recommended values adopted from a combination of the normalised residuals and Rajeval
methods (see 2004MaY'Y).

The normalisation factor for the gamma -ray emission probabilities was calculated from the
proposed decay scheme via two routes:
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(a) Dbeta population of all Fe  nuclear levels derived from gamma -ray
depopulation/population and summed, assuming b decay to *°Fe ground state is zero (spin
and parity considerations (3" ® 0")).
for all nuclear levels populated by b decay S Pp; = (101.163 = 1.479) ° NF = 100
NF =0.989 (15)

(b) population of **Fe ground state by gamma transitions, assuming b decay to *°Fe ground
state is zero.
S Py (1+ aj) NF=[P 4 (3369.84 keV)+ Py2959.92 keV)+ Py2657.62 keV) +
P4846.7638 keV) (1 + a;)] © NF =100
101.163(23) * NF =100
NF = 0.9885(3)
Hence, a normalisation factor of 0.9885(3) was adopted on the basis of the more accurate
determination.

Multipolarities and Internal Conversion Coefficients

The nuclear level scheme specified by 1999Hu04 has been used to define the multipolarities of
the gamma transitions on the basis of known spins and parities. Studies of the internal
conversion coefficients of the some of these gamma transitions suppo rt the proposed transition
types: (97%M1 + 39%E2) for the 1810.726 keV gamma rays (taken from 1989C001); (99.96%M1
+ 0.04%E?2) and 100%E2 for the 1037.8333 and 1238.2736 keV gamma rays, respectively (taken
from 1974Ho25).

Multipolarity Assignments

Reference Eq (keV) Multipolarity
1974Ho25 1037.83 99.96%M1 + 0.04%E?2
1238.27 E2

1810.726(4) 96.5%M1 + 3.5%E2
2113.092(6) 93.4%M1 + 6.6%E2
2523.06(5) 94.1%M1 + 5.9%E2
2598.438(4) 93.4%M1 + 6.6%E2

1989Co001 1810.726(4) 97%M1 + 3%E2
2113.092(6) 96%M1 + 4%E2

Beta-particle Emissions

Energies
All beta-particle energies were calculated from the structural details of the proposed decay

scheme. The nuclear level energies of 1999Hu04 and the Q-value were used to determine the
energies and uncertainties of the beta-particle transitions to the various levels.

Emission Probabilities

The beta-particle emission probabilities were calculated from the recommended gamma  -ray
emission probabilities and the theoretical internal conversion coefficients of 1976Ba63 (latter
estimated by interpolation of the data). Log ft systematics can be applied to the beta -particle
transition to the ground state of °Fe (DJ=3, Dp = no), with a lower limit for log ~ ft of 13.9
(1998S117), to give a beta-particle emission probability of < 0.0005 (set to zero).
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Beta-particle Emission Probabilities

Eb(kEV) Pb
Recommended Values™

250.2(3) 0.00020(2)
325.7(3) 0.0120(3)
572.6(3) 0.00040(4)
735.6(3) 0.145(3)
1037.9(3) 0.275(4)
1610.4(3) 0.00057(6)
2848.7(3) 0.566(7)

* . . g, .
Recommended emission probabilities derived from evaluated
gamma-ray emission probabilities and theoretical internal
conversion coefficients.

Atomic Data

The x-ray data have been calculated using the evaluated gamma-ray data, and the atomic data
from 1996Sc06, 1998ScZM and 1999ScZX.
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*Co - Comments on evaluation of decay data
by C.M. Baglinand T. D. MacM ahon

This current evaluation was carried out in 2004. The literature available by September 2004 was
included.

Evaluation Procedures

The Limitation of Relative Statistical Weight (LWM) [1985ZiZY ] method, used almost exclusively for
averaging numbers throughout this evaluation, provided a uniform approach for the analysis of discrepant data.
In the few instances when an alternative technique was used, this fact has been noted The uncertainty assigned in
this evaluation to the recommended value is always greater than or equal to the smallest uncertainty in any of the
experimental values used in the calculation.

1 Decay Scheme

*Co decays 19.58 (11) % by positron (b") emission and 80.42 (11) % by electron capture (€) to *°Fe (Q(e) =
4566.0 (20) keV (2003Au03)). Altogether, 46 grays de-exciting 15 nuclear levels in *°Fe have been reported.
Except for the strong 847 -keV transition, emission of conversion electrons is very low and negligible
compared to that ofgrays (photons) because of the low atomic number (Z=26) of the daughter nucleus {Fe) and
the high energy ( > 700 keV) of the most intenseray transitions. Consequently, neither conversion coefficients
(most of them < 2~ 10™*) nor conversion electron energies and intensities have been tabulatedin this evaluation.
Pair production is also possible for transitions with Eg® 1022 keV, but the internal-pair-formation coefficients
(based on 1979Sc31) do not exceed 10~ and are tabulated only for those transitions for which the coefficients
exceed 4 x 10™ or for which their omission would affect the deduced branching.

The evaluator has normalized the decay scheme assuming zeroe+b” feeding from the 4" *°Co parent to
the 0" *°Fe ground state. Then S(I(gtce) to ground state) = 100%. Based on the decay scheme, only the 847g,
2657gand 3370g feed the ground state. The 847 keV transition conversion coefficient is taken as 3.03(9) 10™
(from Band et al., 1976Ba63, assuming a = ax + 1.33 a, and a 3% uncertainty). The normalization factor N is
then given by:

N =100/ [1(8479) (1+a(847¢9)) + 1(2657g) + 1(33700)]
Where: [(8479), 1(26579) , (33700) are the relative values given in Table 2
=100/[100.0303 (9) +0.0195 (20) + 0.0103 (8)]
=100/[100.0601 (23)]

=0.999399 (23)
With this normalization, the probability of the 847 keV transition is : P(847)(g+ce) = 99.9702(23)%.

Electron-capture and b" transition probabilities to excited states in “°Fe were determined from ¢ray
transition intensity balance at each level and theoretical €/b” ratios. It should be noted that the 2 ™-forbidden
transitions to the 2690 and 3370 levels, though weak, are probably overestimated since log ft values for these
branches are significantly lower than expected from log ft systematics.

The evaluator has included level half -life data from the evaluation by Huo (1999Hu04) in the decay

scheme drawing given here. The level energies shown in the dawing result from a leastsquares adjustment of the
Orray energies recommended in this evaluation.
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2 Nuclear Data

The recommended value for the half -life of *°Co is 77.236 (26) days, taken from the evaluation by
Woods et al. (2004Wo0AA). This supersedes an earlier evaluation by two of these authors (2004W002) in which
77.20 (8) days (c*/n = 0.9) was recommended. Measured values and their respective sources are:

Half-life (davs) Reference Comments

77.2 (8) 1954Bus8
77.3 (3) 1957Wr37
78.76 (12) 1972Em01 statistical outlier
78.4 (5) 1974Cr05 statistical outlier
77.12 (10) 1977An13
77.12 (7 1978La2l
77.30 (9 1989A124
77.08 (8) 1989Lel7
77.28 (4) 1989Sc17
77.29 (3) 1990A129
77.210 (28) 1992Fu02
77.29 (4) 1992Fu02

The weighted average of all data published from 1977 onwards is 77.245 (23) days ¢*/n=2.2), where
the uncertainty shown is the external uncertainty (the internal uncertainty is 0.015 days).

Q(e) =4566.0 (20) keV is adopted from 2003 Au03.

2.1 b+ Transitions

The positron end-point energies, calculated from E," = Q(€) — E(lev) — 1022, are the evaluator’s values
deduced using Q(e) = 4566.0 (20) keV (2003Au03) and level energies (E(lev)) from the decay scheme. Absolute
b" emission probabilities are from g-ray intensity balance at each nuclear level and theoretical §; /€ ratios. Note
that the latter may not be reliable for the 2™-forbidden branches.

2.2 Electron Capture Transitions

e-transition energies, calculated from E(€) = Q(€) — E(lev), are evaluator’s values deduced using Q€)=
4566.0 (20) keV (2003Au03) and level energies (E(le  v)) from the decay scheme. Absolute e transition
probabilities are from gray intensity balance at each nuclear level and theoretical I ; /€ ratios. These sum to
80.42(11)%, implying I(b")=19.58(11)%. Fractional atomic shell electron-capture probabilities (P, Py, Py) are
evaluator’s values calculated using the EC -CAPTURE computer program [2] for the relevant nuclear level
energies.

3 Atomic Data

Emission probabilities are evaluator’s values calculated using the EMISSION program (Version 3.04)
[3], atomic data from 1996Sc06, and the g-ray emission probabilities recommended here. The K X-ray and K-
Auger electron energies are taken from Schonfeld and Rodloff [5] and [4], respectively; L X -ray and L-Auger
electron energies are from Larkins [6].
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4 Photon Emissions

4.1 Energies

Oray energies shown in boldface in Table 1 are from 2000He14. These values are based on a revised
energy scale that uses the new adjusted fundamental constants and wave lengths deduced from an updated value
of the lattice spacing of Si crystals [Cohen and Taylor [1]]. Helmer et al. (2000He14) fitted the adjusted g-ray
energy measurements for *°Co to a level scheme, and deduced recommended ¢rray energy values from level -
energy differences. Less precise energies are from 1990Mel5, 1989A125 (one transition only) and 1980St20.
The latter authors adopted energies from the literature for the strongest transitions (shown in square brackets in
Table 1) and made the general statement that the uncertainties in the other transition energies range from 0.05
keV to 0.8 keV; the evaluator has, therefore, assigned uncertaintiesof 0.8 keV to the four energies adopted from
this study. The uncertainties in the g-ray energies given in this evaluation are statistical only, as reported by
authors. See Table 1.

4.2 Emission Probabilities
a. Relative intensities

Relative emission probability measurements are given in Table 2, panels a); panels b) show the results o
several different analyses of those data along with the intensities recommended in the present evaluation. In cases
where the authors indicated an uncertainty in the relative intensity of the 847keV reference line, that uncertainty
was combined in quadrature with the statistical uncertainty for each of the other transitions prior to all analyses of
the data.

The analysis of these data is complicated on account of two factors:

(1) Discrepant data sets. Of the approximately 770 data points, successive runs of the program
LWEIGHT identify a total of 87 statistical outliers based on the Chauvenet criterion; this seems an
unusually large fraction. Most outliers, though by no means all, arise from the earlier measurements.

(11) The use by some authors of Ge detector efficiency calibration curves which are inadequate at the
highest energies. This problem was first identified by McCallum and Coote (1975Mc07) and is
discussed further by Baglin et al. in 2002Ba38.

One prescription for dealing with discrepant data is the limitation of relative statistical weight method
proposed by Zijp (1985ZiZY) and incorporated in the program LWEIGHT. The program identifies a set of data
as ‘discrepant” whenever its reduced chi -squared value exceeds the critical reduced chi -squared value for the
relevant number of data points. For those cases, it then increases the uncertainty for any datum whose statistical
weight exceeds 50% until it no longer does so, then recalculates the weighted mean. If the weighted mean
overlaps the unweighted mean, the weighted mean will be adopted. The uncertainty used 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 uncertanty is less than the uncertainty in the most precise datum.
Otherwise, the unweighted mean will be adopted; this does not seem to be a particularly useful number since it
could so easily be skewed by the least reliable data.

Two additional techniques that might reasonably be applied to the analysis of these data are the
Normalised Residuals (1991JaXX) and the Rajeval (1992Ra08) techniques. Both are iterative techniques which
increase the uncertainties of any deviant data, but they use different prescriptns for identifying and adjusting the
deviant data. The results of these analyses are also shown in Table 2.

Another logical approach would be to use the results from LWEIGHT after all statistical outliers have
been eliminated from the dataset. Table 2 also gives the results from this analysis.

The second problem could be approached by considering data from only the eight experiments
(2002MoZP, 2000Ra36, 1990Mel5, 1980St20, 1978Ha53, 1977Gel2, 1974BoXX and 1971Si29) 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 measurements are sketchy at best, and some rely partially
or totally on Monte Carlo calculations.) However, ths approach greatly decreases the number of data points, so
one should resort to this measure only at energies where significant problems are anticipated. The high precision
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data from 1971Cal4, based on a linear extrapolation to high energy of a log(effi@ncy) versuslog(energy) plot,
have received considerable scrutiny in the literature, and 2002Ba38 deduced a multiplicative correction factor (F
= 1.116 — 0.155 Eq+ 0.0397E4’, where Egis in MeV) to correct “Ga intensity data in 1971Cal4; this formula
implies intensity correction factors of 0.98, 1.01 and 1.06, respectively, at E g=2.5, 3.0 and 3.5 MeV. These
factors apply equally to the**Co data from 1971Cal4 and to those from 1970Ph01 and 1974H025, all tied to the
intensity scale in 1971Cal4. This situation suggests that data from only the eight selected references should be
considered for Eg> 3000 keV. However, although used only for E ;> 3000 keV, the analysis of data from the
selected references is shown in Table 2 for transitions of all energies, for the sake of completeness.

b. Absolute Intensities

Absolute emission probabilities are based on experimental results and decay -scheme normalization
arguments as follows:

I.(847g E2)/148479) =3.03 (9) 10™ (Theory (Band et al., 1976Ba63), assuming a = ax+ 1.33 a.
and 3% uncertainty).

No et+b” branch to ground state, so S(I(gtce) to ground state) = 100%.

The recommended absolute g-ray emission probabilities are the relativevalues recommended in Table 2
multiplied by 0.999399 (23).

¢. Annihilation radiation intensity
The 511-keV gray intensity has not been experimentally determined but may be estimated from:
I(g) =2~ [100-I(e) + I(pair production)]
=2" [19.58 (11) + 0.024]
=39.21(22) %
4.3 Transition Multipolaritiesand Mixing Ratios

The transition multipolarities and mixing ratios have been taken directly from the evaluation by Huo
(1999Hu04). Several additional transition multipolarities, deduced from the decay scheme, are shown
enclosed by square brackets.
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Table1. **Co Gamma-Ray Energies

2000He14 1990Mel5 1989AI25 1980St20 Adopted
Eq (keV) Eq (keV) Eq (keV) Eq (keV)? Eq(keV)
263.41 (10) 263.34 263.41 (10)
411.38 (8) 410.94 411.38 (8)
486.54 (11) 485.2 486.54 (11)
655.0 (8)* 655.0 (8)
674.7 (8)° 674.7 (8)
733.5085 (23) 733.72 (15) 733.6 733.5085 (23)
787.7391 (23) 787.88 (7) 787.77 787.7391 (23)
846.7638 (19) 846.772 (8) [846.764] 846.7638 (19)
852.78 (5) 852.78 (5)
896.503 (7) 896.56 (20) 896.55 896.503 (7)
977.363 (4) 977.485 (60) 977.39 977.363 (4)
996.939 (5) 997.33 (16) 996.48 996.939 (5)
1037.8333 (24) 1037.840 (6) [1037.844] 1037.8333 (24)
1089.03 (24) 1089.31 1089.03 (24)
1140.356 (7) 1140.28 (10) 1140.52 1140.356 (7)
1159.933 (8) 1160.08 (16) 1160.0 1159.933 (8)
1175.0878 (22) 1175.102 (6) [1175.099] 1175.0878 (22)
1198.78 (20) 1198.77 1198.78 (20)
1238.2736(22) 1238.282 (7) [1238.287] 1238.2736(22)
1272.2 (6) 1272.20 1272.2 (6)
1335.380 (29) 1335.56 (8) 1335.56 1335.380 (29)
1360.196 (4) 1360.215 (12) [1360.206] 1360.196 (4)
1442.75 (8) 1442.65 1442.75 (8)
1462.34 (12) 1462.28 1462.34 (12)
1640.450 (5) 1640.54 (13) 1640.38 1640.450 (5)
1771.327 (3) 1771.351 (16) [1771.350] 1771.327 (3)
1810.726 (4) 1810.714 (35) [1810.722] 1810.726 (4)
1963.703 (11) 1963.99 (6) [1963.714] 1963.703 (11)
2015.176 (5) 2015.181 (16) [2015.179] 2015.176 (5)
2034.752 (5) 2034.755 (15) [2034.159] 2034.752 (5)
2113.092 (6) 2113.185 (115) [2113.107] 2113.092 (6)
2212.898 (3) 2212.96 (15) [2212.921] 2212.898 (3)
2276.36 (16) 2276.09 2276.36 (16)
2373.7 (4) 2373.71 2373.7 (4)
2523.86 (20) 2523.0 2523.0 (8)°
2598.438 (4) 2598.458 (13) [2598.460] 2598.438 (4)
2657.4 (8)° 2657.4 (8)
3009.559 (4) 3009.591 (22) [3009.596] 3009.559 (4)
3201.930 (11) 3201.962 (16) [3201.954] 3201.930 (11)
3253.402 (5) 3253.416 (15) [3253.417] 3253.402 (5)
3272.978 (6) 3272.990 (15) [3272.998] 3272.978 (6)
3369.69 (30) 3369.97 3369.69 (30)
3451.119 (4) 3451.152 (17) [3451.154] 3451.119 (4)
3547.93 (6) 3548.27 3547.93 (6)
3600.49 (40) 3600.85 3600.7 (4)
3611.8 (8)° 3611.8 (8)

56C 0

* Authors took energies for the strongest lines from the literature (shown in square brackets) and stated that uncertainties
varied from 0.05 to 0.8 keV for the others. The evaluator has conservatively assigned 0.8 keV to those lines whose
energies are adopted in the present evaluation from this reference.

® The datum from 1980St20 is adopted in preference to the more precise datum from 1990Me15 because the latter
value fits its level-scheme placement poorly and is almost 1 keV higher than the g-ray energy of 2522.88 (6)

adopted in an evaluation (1999Hu04) which included information from sources other than *°Co e decay.
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Table 2: **Co Relative Gamma-Ray Emission Probabilities®,

56C 0

a) Experimental Data

Ref./Eg 263.49 411.49 486.59 655.0g 674.79 733.5¢ 787.79 846.8¢g 852.8¢g 896.5¢g
65Pel8 1.04* (21) 100
66D007 100
66HU17 100
66Sc01 100
67Au01 0.10* (5) 0.4 (2) 100
67Ba75 100
68Sh07 0.13 (6) 0.2 (1) 100
67Ch20 0.36 (5) (8) 100 (15) (0)
69Ar04 100
69AU09 100
69Sc09 0.37 (4) 100 0.14* (4)
70Ph01 0.03 (1) 0.066 (6) 0.21 (4) 0.31 (6) 100 0.06 (1)
71Cala 0.021 (4) 0.025 (5) | 0.041(7) 0.193 (3) 0.308 (8) 100 0.071 (4)
71Ge07 100
71Ge08 0.05* (1) 0.024 (7) | 0.050 (12) 0.03 (1) 0.18 (3) 0.28 (4) 100 0.04 (1) 0.08 (2)
71Si29° 0.21 (6) 100
72Pe20° 100.0 (60) (0)

100.0 (56) (0)

100.0 (57) (0)
74BoXX> 100
74H025 0.020 (6) 0.025(9) | 0.07 (2) 0.03 (1) 0.165 (8) 0.29 (3) 100 0.062 (6)
75Ka06 0.219 (7) 0.311 (12) 100 0.089 (11)
77Gel12° 100 (1) (0)
78Ha53" 0.143 (13) 0.34 (3) 100 0.077 (10)
80St20° 0.022 (4) 0.031* (4) | 0.069 (7) 0.038 (8) 0.038 (7) 0.195 (14) 0.320 (7) 100 0.063 (6)
80Sh28 0.031°(9) | 0.026 (8) | 0.065 (11) 0.045 (20) 0.166 (12) 0.28 (1) 100 0.089 (13)
80Y005 0.061 (10) (10) 0.193 (12) (12) | 0.305 (13) (13) | 100.0 (3) (0) 0.095 (18) (18)
82Gr10 100
89AI25 100 0.050 (3)
90Mel15° | 0.022 (4) 0.025 (5) | 0.055 (5) 0.20 (1) 0.31 (1) 100 0.070 (5)
92SczZ 0.190 (7) (7) 0.315 (10) (10) | 100.00 (26) (0) 0.086 (20) (20)
00Ra36> 100
02MozP> 100.0 (2) (0)
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Table 2: **Co Relative Gamma-Ray Emission Probabilities®

b) Analysis
Eg 263.4g 411.4g 486.59 655.0g 674.79 733.5g 787.7g 846.8g |852.8¢g 896.5g
All Data
# data points, N |7 6 8 1 4 13 17 33 2 12
c’/(N-1) 1.5 0.31 1.7 N/A 0.31 4.2° 2.0° N/A 0.92 1.4
Ig UWM 0.028 (4) 0.0260 (10) |0.060 (4) - 0.036 (4) 0.176 (9) 0.350 (45) | 100 0.045 (5) |0.082 (6)
Ig WM 0.0234 (20) |0.0269 (23) |0.0583 (27) |- 0.035 (5) 0.1909 (22)  |0.309 (3) 100 0.049 (3) |0.0704 (22)
Ig LWM = WM = WM = WM - = WM 0.176 (17)" 0.309 (11)° |100 = WM = WM
Ilg Norm Res 0.0234 (20) |0.0269 (23) |0.0583 (27) |- 0.035 (5) 0.1905 (37)  |0.310 (4) 100 0.049 (3) |0.0704 (22)
lg Rajeval 0.0227 (20) |0.0269 (23) [0.0602 (29) |- 0.035 (5) 0.1914 (24) ]0.311 (4) 100 0.0704 (22)
Statistical N/A N/A N/A N/A
Outliers
Excluded
# data points, N |6 5 - - - 12 16 33 - 11
c’/(N-1) 0.36 0.01 - - - 4.3° 1.4 N/A - 1.3
UWM 0.0243 (20) |0.0250 (3) |- - - 0.182 (8) 0.307 (13) | 100 - 0.077 (4)
WM 0.0223 (21) |0.0250 (28) |- - - 0.1911 (22)  |0.309 (3) 100 - 0.0701 (22)
LWM = WM = WM - - - 0.1909 (48)° |[=WM 100 - = WM
Selected Data
# data points, N |2 2 2 1 2 3 4 0 3
c’/(N-1) 0 0.88 2.7 N/A 0.43 6.6" 15 N/A N/A 0.83
Ig UWM 0.022 (0) 0.028 (3) 0.062 (7) - 0.034 (4) 0.179 (18) 0.295 (29) |100 - 0.070 (4)
Ig WM 0.022 (3) 0.029 (3) 0.060 (4) - 0.035 (6) 0.183 (7) 0.317 (6) 100 - 0.068 (4)
Ig LWM = WM = WM = WM - = WM 0.183 (18)° = WM 100 - = WM
Ig Norm Res
Ig Rajeval
Adopted Ig 0.0234 (20) |0.0269 (23) |0.058 (3) 0.038%(8) |0.035 (5) 0.191 (4) 0.310 (4) 100 0.049 (3) |0.0704 (22)
Source All; WM All; WM All; WM 1980St220 | All; WM All; NR All; NR N/A All; WM All; WM
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Table 2: **Co Relative Gamma-Ray Emission Probabilities (continued)®, a) Experimental Data

Ref./EQ 977.49 996.9¢ 1037.89 1089.09 1140.49 1159.99 1175.1g 1198.89 1238.3g 1272.29
65Pel8 1.73* (35) 14.1 (15) 2.1(6) 66.8 (40)
66D007 12.4 (5) 71.2 (26)
66HU17 14.5 (15) 2.8*(5) 70.5 (70)
66Sc01 14.0 (20) 1.4* (2) 66.3 (60)
67Au01 1.36 (36) 12.8 (9) 2.4 (2) 69.5 (35)
67Ba75 1.62* (10) 13.7 (8) 2.03* (14) 72.1 (50)
68Sh07 1.01* (30) 12.1* (8) 2.2 (1) 70.2 (25)
67Ch20 1.50* (23) (32) 14.0 (21) (30) 0.170 (26) (36) 1.60* (24) (34) 64 (10) (14)
69Ar04 1.1 (1) 9.6* (6) 1.9% (2) 69.6 (35)
69AU09 13.08 (35) 1.73* (13) 68.3 (14)
69Sc09 0.17 (3)
70Ph01 1.35 (5) 14.0 (7) 0.24* (4) 0.11 (2) 2.25 (5) 68.5 (12)
71Cal4 1.448 (14) 0.112 (6) 14.24 (14) 0.048 (9) 0.142 (9) 0.100 (9) 2.300 (25) 0.050 (7) 67.64 (68) 0.019 (1)
71Ge07 12.9 (5) 2.26 (23) 67.8 (15)
71Ge08 1.42 (14) 0.13 (3) 14.4 (9) 0.04 (1) 0.16 (3) 0.11 (2) 2.29 (22) 0.06 (2) 69.6 (35) 0.024 (7)
71Si29° 1.21* (6) 12.44 (31) 2.11 (5)
72Pe20° 13.45 (190) (206) 1.99* (27) (30) 70.9 (77) (88)

13.03 (172) (187) 2.18 (34) (36) 68.2 (72) (81)

12.72 (153) (169) 1.93* (25) (27) 66.9 (75) (84)
74BoXX> 13.7 (6) 2.3(1) 66.2 (10)
74H025 1.37 (4) 0.17 (5) 0.07 (2) 0.13 (2) 0.078 (7) 2.25 (11) 0.028 (9) 0.022 (3)
75Ka06 1.386 (15) 13.922 (116) 0.107 (3) 0.095 (6) 2.180 (24) 66.37 (74)
77Ge12°> | 1.426 (15) (21) 14.04 (14) (20) 2.28(2) (3) 66.4 (7) (10)
78Ha53° | 1.38 (4) 0.170 (14) 13.5(2) 0.06 (2) 0.117 (13) 0.08 (1) 2.11 (10) 0.044 (8) 65.1 (4) 0.035* (4)
80St20° 1.41 (2) 0.092 (14) 14.11 (19) 0.050 (7) 0.125 (6) 0.074 (8) 2.30 (32) 0.04 (1) 68.47 (87) 0.038* (6)
80Sh28 1.38 (3) 0.11 (1) 14.06 (28) 0.075 (9) 0.11 (1) 0.079 (9) 2.22 (5) 0.035 (10) 67.59 (131) 0.022 (8)
80Y005 1.435 (16) (16) | 0.129 (14) (14) | 14.16 (5) (7) 0.05 (3) (3) | 0.131 (21) (21) | 0.095 (14) (14) | 2.241 (12) (14) | 0.051 (9) (9) | 66.06 (21) (29) | 0.025 (8) (8)
82Gr10 13.85 (35) 65.8 (16)
89AI25
90Mel15° | 1.440 (15) 0.112 (6) 14.0 (1) 0.05 (1) 0.15 (1) 0.10 (1) 2.28(2) 0.05 (1) 67.6 (4) 0.020 (2)
92SczZ 1.450 (15) (15) 14.18 (13) (13) 0.137 (5) (5) 2.289 (21) (21) 66.96 (60) (60) | 0.024 (10) (10)
00Ra36> 14.11 (22) 2.25 (4) 66.6 (10)
02MozZP® | 1.424 (6) (7) 14.07 (4) (5) 2.252 (9) (10) 66.20 (11) (17)
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Table 2: **Co Relative Gamma-Ray Emission Probabilities (continued)®

56C 0

b) Analysis

Eg 977.4g 996.99 1037.89g 1089.0g 1140.4g 1159.99 1175.1g |1198.8g |1238.3g 1272.29g

All Data:

# data points, N | 20 8 30 8 13 10 29 8 29 9

c”/(N-1) 2.7° 3.0° 45° 1.3 5.3° 1.6 2.8° 0.92 1.8 3.1°

Ig UWM 1.39 (3) 0.128 (10) [13.51(18) [0.055 (4) 0.145 (10) |0.092 (4) 2.15(5) [0.045(4) |67.84(36) 0.0254 (22)

Ig WM 1.423 (4) 0.116 (3) 14.018 (31) |0.054 (4) 0.1204 (21) |0.088 (3) 2.249 (6) [0.044 (3) |66.42 (12) 0.0206 (8)

Ig LWM 1.423(7)° ]0.116 (6)° [13.51(56)° [=wM 0.145 (38)° |[=wWM 2.15 (10)* [=wWM 67.8 (16) 0.025 (6)

Ig, Norm Res 1.423 (7) 0.114 (4) 14.04 (5) 0.054 (4) 0.131 (4) 0.088 (3) 2.250 (9) [0.044 (3) |66.45 (16) 0.0205 (9)

Ig, Rajeval 1.425 (5) 0.113 (4) 14.055 (31) |0.051 (4) 0.133 (3) 0.088 (3) 2.254 (6) |0.044 (3) |66.44 (12) 0.0199 (8)

Statistical N/A N/A N/A N/A N/A

Outliers

Excluded:

# data points, N |14 - 28 - 11 - 21 - - 7

c’/(N-1) 1.7 - 2.6° - 4.0° - 1.6 - - 0.36

UWM 1.406 (9) - 13.70 (11) |- 0.137 (7) - 2.240 (16) | - - 0.0223 (8)

WM 1.424 (4) - 14.03 (3) - 0.1164 (23) |- 2.252 (6) |- - 0.0196 (8)

LWM = WM - 13.70 37" |- 0.137 (30)" |- = WM - - = WM

Selected Data:

# data points, N |6 3 8 3 3 3 8 3 7 3

c’/(N-1) 3.1° 9.1° 4.9° 0.12 2.8 2.1 1.9 0.25 4.4° 8.5°

Ig UWM 1.382(35) |0.125(23) |13.75(20) [0.053(3) 0.131 (10) |0.085 (8) 2.24(3) [0.045(3) |66.65 (41) 0.031 (6)

Ig WM 1.422 (6) 0.117 (5) 14.01 ((4)  ]0.0508 (55) |0.130 (5) 0.083 (5) 2.254 (8) [0.045(5) |66.31(14) 0.0242 (17)

Ig LWM 1.422 (12)° ]0.122 (21)° ]13.98 (11)° |=WM = WM = WM = WM = WM 66.36 (36)° 0.028 (8)"

Ig Norm Res

Ig Rajeval

Adopted Ig 1.423 (7) 0.116 (6) 14.04 (5) 0.054 (4) 0.132 (4) 0.088 (3) 2.250 (9) [0.044 (3) |66.45 (16) 0.0202 (8)

Source All; LWM All; LWM All; NR All; WM All; NR-Raj | All; WM All; NR All; WM All; NR All; NR-Raj
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Table 2: **Co Relative Gamma-Ray Emission Probabilities (continued)®,

56C 0

Experimental Data

Ref./Eg 1335.4¢g 1360.2¢9 1442 .89 1462.3g 1640.5¢9 1771.3g 1810.7g 1963.7g 2015.2¢g 2034.8¢9
65Pel8 4.0 (8) 16.2 (14) 0.75 (27) 4.1* (12) 9.2* (17)
66D007 3.8 (3) 15.6 (13) 3.8*(7) 7.8 (10)
66HuU17 4.5 (7) 12.5* (13) 0.70* (14) 0.80 (15) 3.7* (6) 8.3 (15)
66Sc01 3.8 (4) 13.5* (14) 1.10* (15) 3.5% (4) 6.5* (8)
67Au01 4.5 (3) 16.1 (8) 0.4* (2) 0.59 (9) 2.7 (2) 7.4 (6)
67Ba75 4.8* (3) 16.9 (10) 1.3*(6) 1.1*(2) 2.93 (30) 7.37 (50)
68Sh07 4.2 (4) 16.7 (10) 0.5* (3) 0.63 (20) 29 4) 7.7 (5)
67Ch20 4.0 (6) (8) 14.0* (21) (30) 0.68 (10) (14) 2.6 (4) (6) 6.6* (10) (14)
69Aro4 4.6 (3) 16.2 (10) 0.9*(2) 3.9* (3) 8.2 (5)
69AU09 4.15 (12) 14.95 (40) 2.78 (14) 7.56 (21)
69Sc09 0.12 (2) 0.23* (3) 0.12* (3) 0.65 (6) 0.63 (5)
70Ph01 0.15* (2) 4.37 (13) 0.20 (2) 0.08 (2) 0.05 (2) 16.0 (5) 0.62 (6) 0.74 (3) 3.13 (10) 8.1(2)
71Cal4 0.123 (3) 4.340 (45) 0.200 (8) 0.077 (1) 0.065 (9) 15.78 (16) 0.641 (8) 0.721 (15) 3.095 (31) 7.95 (8)
71Ge07 4.16 (21) 16.5 (8) 2.99 (20) 8.2 (6)
71Ge08 0.11* (2) 3.96 (40) 0.14* (2) <0.02 0.07 (1) 14.9 (9) 0.55* (6) 0.67 (7) 2.83 (30) 7.7 (6)
71Si29° 4.42 (8) 0.47* (6) 0.58 (5) 2.60 (12) 7.0* (3)
72Pe20° 4.08 (51) (57) 15.36 (174) (197) 2.88 (42) (45) 6.25* (88) (96)
4.4 (6) (6) 15.98 (180) (201) 2.28* (27) (30) 6.8* (8) (9)
5.30* (78) (84) 14.55 (166) (186) 2.59 (45) (47) 6.85* (80) (89)
74BoXX> 4.4 (1) 15.9 (3) 3.1(1) 7.8 (1)
74Ho025 0.120 (12) 4.35 (12) 0.177 (9) 0.065 (12) 0.063 (6) 0.63 (3) 0.71 (3)
75Ka06 0.120 (3) 4.189 (52) 0.172 (4) 0.078 (3) 0.062 (3) 15.369 (241) 0.665 (23) 0.667 (21) 3.025 (72) 7.694 (146)
77Ge12° 4.24 (4) (6) 15.65 (16) (22) 0.650 (7) (10) 0.724 (8) (11) 3.09 (5) (6) 7.95 (12) (14)
78Ha53° 0.12 (2) 4.24 (15) 0.195 (10) 0.05 (1) 15.26 (15) 0.59* (3) 0.70 (2) 2.97 (3) 7.64 (6)
80St20° 0.128 (6) 4.32 (6) 0.173 (7) 0.091 (13) 0.062 (7) 15.5 (4) 0.629 (13) 0.719 (15) 3.182 (66) 8.14 (17)
80Sh28 0.124 (10) 4.29 (8) 0.182 (11) 0.086 (3) 0.055 (9) 15.61 (30) 0.62 (2) 0.71 (2) 2.95 (6) 7.74 (2)
80Y005 0.130 (6) (6) | 4.265 (17) (21) | 0.172(7) (7) | 0.084 (6) (6) | 0.070 (11) (11) | 15.49 (5) (7) 0.657 (23) (23) | 0.707 (11) (11) 3.026 (14) (17) 7.766 (28) (36)
82Gri10 4.27 (15) 15.11 (38) 2.97 (11) 7.60 (19)
89Al25
90Me15° 0.125 (5) 4.33 (4) 0.20 (1) 0.077 (5) 0.06 (1) 15.70 (15) 0.64 (1) 0.720 (15) 3.08 (3) 7.89 (7)
92Sczz 0.118 (6) (6) | 4.29 (4) (4) 0.185(7) (7) | 0.065 (8) (8) | 0.072 (12) (12) | 15.48 (14) (15) 0.638 (8) (8) 0.724 (10) (10) 3.04 (5)(5) 7.90 (13) (13)
00Ra36" 4.23 (7) 15.42 (25) 3.03 (5) 7.835 (120)
02MozP> 4.22 (15) (15) 15.24 (8) (9) 0.641 (5) (5) 0.698 (3) (3) 2.976 (14) (15) 7.69 (3) (3)
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Table 2: **Co Relative Gamma-Ray Emission Probabilities (continued)®

a) Analysis

Eg 1335.4g 1360.29g 1442.89g 1462.3g 1640.5¢g 1771.3g 1810.7g | 1963.7g 2015.2g 2034.89g

All Data

# data points, N |12 31 12 10 11 29 19 23 30 30

c’/(N-1) 0.57 0.90 25" 1.8 0.44 1.3 1.2 1.9° 25" 1.7

Ig UWM 0.124 (3) 4.29 (5) 0.186 (6) 0.082 (5) 0.0617 (23) |15.43 (17) |0.64(4) [0.738(27) |3.06(7) 7.64 (11)

Ig WM 0.1229 (16) |4.283(13) |0.1797 (23) |0.0779(9) |0.0621 (21) |15.46 (4) 0.639 (3) |0.7030 (25) |3.015 (9) 7.746 (13)

Ig LWM = WM = WM 0.180 (8)° [=wM = WM = WM = WM 0.7060 (42)° | 3.015 (39)° |[=wM

Ig Norm Res 0.1229 (16) |4.283(13) |0.1797 (36) |0.0779 (9) |0.0621 (21) |15.46 (4) 0.639 (3) |0.7038 (37) |3.019 (14) |7.746 (18)

Ig Rajeval 0.1229 (16) |4.283 (13) |0.1792 (25) |0.0774 (9) |0.0621 (21) |15.49 (4) 0.640 (3) |0.7094 (37) [3.025(10) |7.744 (14)

Statistical N/A

Outliers

Excluded

# data points, N |10 29 10 9 - 26 12 20 24 23

c”/(N-1) 0.45 0.80 2.3 1.7 - 1.2 0.43 1.6 2.3° 1.6

UWM 0.1228 (12) |4.24 (4) 0.186 (4) 0.078 (3) - 15.67 (11) |0.640(4) |0.694 (12) [2.94 (4) 7.82 (5)

WM 0.1228 (16) |4.282 (13) [0.1799 (23) |0.0779(9) |- 15.47 (4) 0.641 (3) |0.7028 (25) |3.014 (9) 7.748 (14)

LWM =WM =WM =WM =WM - =WM =WM =WM 2.94 (4)X = WM

Selected Data

# data points, N |3 8 3 2 3 7 6 6 8 8

c’/(N-1) 0.12 0.89 3.1 1.0 0.50 2.0 115° 2.9 4.7° 35°

Ig UWM 0.1243 (23) |4.300 (28) |0.189 (8) 0.084 (7) 0.057 (4) 15.52 (9) 0.60 (3) |0.690 (22) |3.00 (6) 7.74 (12)

Ig WM 0.126 (4) 4.309 (24) ]0.185 (5) 0.079 (5) 0.059 (5) 15.40 (6) 0.590 (3) |0.7008 (28) |3.001 (11) |7.727 (23)

Ig LWM = WM = WM = WM = WM = WM = WM 0.59 (5)° |[=wWM 3.006 (30)° |7.736 (48)°

Ig Norm Res 0.701 (5) 2.999 (22) |7.727 (44)

Ig, Rajeval 0.713 (6) 2.997 (14) 7.713 (24)

Adopted Ig 0.1229 (16) |4.283(13) |0.180 (4) 0.0779 (9) |0.0621 (21) |15.46 (4) 0.639 (3) |0.706 (4) 3.019 (14) |7.746 (13)

Source All; WM All; WM All; NR All; WM All; WM All; WM All; WM All; LWM All; NR All; WM
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Table 2: **Co Relative Gamma-Ray Emission Probabilities (continued)® Experimental Data

Ref./Eg 2113.1g 2212.99 2276.49 2373.7g 2523.0g 2598.49 2657.4g 3009.69
65Pe18 17.4 (15) 1.3* (4)
66D007 16.0* (27) 1.9* (8)
66HU17 0.40 (9) 0.43 (9) 0.12 (3) 0.15* (3) <0.03 20.0* (20) 1.25* (25)
66Sc01 17.4 (17) 1.5 (2)
67Au01 0.29 (5) 17.3(9) 0.9 (2)
67Ba75 0.4 (1) 0.4 (1) 15.0* (13) 0.8 (3)
68Sh07 0.32 (15) 0.20% (2) 17.0 (6) 1.0 (1)
67Ch20 0.56* (8) (12) | 0.60* (9) (13) 14.0* (21) (30) 0.60* (9) (13)
69Ar04 0.3(1) 18.7* (11) 0.9 (5)
69AU09 16.55 (44)
69Sc09 0.32 (4) 0.46* (5) 0.14 (2) 0.11 (2) 0.09 (3)
70Ph01 0.39 (3) 0.40 (3) 0.15 (2) 0.12 (2) 0.054 (15) 17.2 (4) 0.93 (6)
71Cal4 0.387 (4) 0.377 (10) 0.106 (5) 0.055 (12) 0.060 (5) 16.85 (17) 1.010 (11)
71Ge07 18.0* (9)
71Ge08 0.26* (3) 0.28* (3) 0.10 (2) 0.08 (2) 0.07 (2) 16.5 (10) ~0.02 0.92 (10)
71Si29° 0.34 (4) 0.30* (6) 1.55* (12)
72Pe20° 15.65* (204) (224)

17.3 (22) (24)

14.44* (175) (193)
74BoXX> 17.3 (4) 1.0 (2)
74H025 0.37 (2) 0.36 (2) 0.128 (8) 0.059 (12) 0.044 (10) 0.016 (5) 0.98 (9)
75Ka06 0.0.375 (17) 0.387 (18) 0.146 (7) 16.64 (22) 0.922 (29)
77Ge12°> | 0.387 (8) (9) 0.406 (9) (10) 17.34 (26) (31) 1.06 (3) (3)
78Ha53°> | 0.34(2) 0.39 (2) 0.15 (2) 0.050 (6) 0.084 (9) 17.19 (15) 0.029 (4) 1.05 (3)
80St20° 0.375 (14) 0.42 (2) 0.117 (9) 0.097 (12) 0.079 (11) 17.40 (38) <0.05 0.84 (4)
80Sh28 0.35 (1) 0.35 (1) 0.115 (10) 0.079 (10) 0.14* (1) 16.41 (33) 0.015 (3) 1.02 (2)
80Y005 0.363 (7) (7) 0.389 (8) (8) 0.124 (7) (7) 0.083 (11) (11) | 0.068 (11) (11) | 16.96 (6) (8) 0.021 (6) (6)
82Gr10
89AI25
90Me15° | 0.385 (5) 0.35 (1) 0.110 (5) 0.08 (1) 0.060 (5) 17.29 (15) 1.05 (1)
92SczZ 0.376 (10) (10) | 0.395 (14) (14) | 0.128 (19) (19) | 0.082 (22) (22) 17.26 (28) (28) 1.16 (3) (3)
0ORa36° 17.1 (3)
02MozZP® | 0.372 (4) (4) 0.388 (4) (4) 16.82 (7) (8) 1.033 (11) (11)
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Table 2: **Co Relative Gamma-Ray Emission Probabilities (continued)®

a) Analysis
Eg 2113.1g 2212.99 2276.49 2373.79g 2523.0g 2598.4g 2657.4g 3009.69
All Data
# data points, N |21 19 13 12 10 28 4 23
c”/(N-1) 25" 7.6° 2.8° 3.6° 7.6° 1.3 2.8 4.9°
Ig UWM 0.365(13) [0.383(18) [0.126 (5) 0.087 (8) 0.075 (8) 16.89 (22) |0.020 (3) 1.07 (6)
lg, WM 0.3764 (21) |0.3795 (27) |0.1192 (24) |0.071 (3) 0.0687 (27) |16.97 (4) 0.0195 (20) |1.029 (5)
Ig LWM 0.376 (11)° ]0.380 (8)° [0.119 (13)* [0.087 (37)" [0.069 (9)° |=wM = WM 1.029 (21)*
Ig Norm Res 0.3761 (31) |0.385 (5) 0.1179 (36) |0.077 (6) 0.064 (4) 16.97 (4) 0.0184 (22) |1.030 (9)
Ig Rajeval 0.3756 (22) |0.387 (3) 0.1187 (28) |0.079 (4) 0.062 (3) 16.96 (4) 0.0168 (23) |1.029 (6)
Statistical N/A N/A
Outliers
Excluded
# data points, N |19 14 - 11 9 20 - 17
c’/(N-1) 1.9 2.8 - 3.3 1.7 1.2 - 4.4°
UWM 0.360 (8) 0.389 (6) - 0.081 (7) 0.068 (5) 17.06 (7) - 0.975 (22)
WM 0.3769 (21) |0.3835 (27) |- 0.070 (3) 0.0631 (28) |16.96 (4) - 1.028 (5)
LWM = WM 0.384 (5° |- 0.070 (20)° [=wM = WM - 0.975 (75)°
Selected Data
# data points, N |6 6 3 3 3 7 1 7
c”/(N-1) 1.9 4.4° 2.0 7.8° 3.4 2.2 N/A 75°
Ig UWM 0.367 (9) 0.376 (18) |0.126(12) |0.076(14) |0.074 (7) 17.21 (7) 0.029 (4) 1.08 (8)
Ig WM 0.3770 (29) |0.386 (3) 0.113 (4) 0.064 (5) 0.067 (4) 17.01 (6) - 1.039 (7)
Ig LWM = WM 0.385(9)° |=WM 0.068 (18)° |[=WM = WM - 1.039 (19)°
Ig Norm Res 0.3770 (29) |0.389 (6) 0.113 (4) 0.080 (7) 0.072 (5) 17.13 (8) - 1.043 (11)
Ig Rajeval 0.3773(35) |0.390 (4) 0.112 (4) 0.082 (8) 0.080 (7) 17.20 (8) - 1.043 (7)
Adopted Ig 0.376 (3) 0.385 (5) 0.118 (4) 0.078 (6) 0.063 (4) 16.97 (4) 0.0195 (20) |1.039(19)
Source All; NR All; NR All; NR All; NR-Raj | All; NR-Raj | All; WM All; WM Sel; LWM
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Table 2: **Co Relative Gamma-Ray Emission Probabilities (continued)®, Experimental Data

LBNL, NPL/C. Baglin, T. D. McMahon

September 2004

Ref./Eg 3201.99 3253.4g 3273.0g 3369.79 3451.1g 3547.99 3600.7g 3611.8g
65Pel8 3.2 (5) 8.5 (6) 1.5 (4) 0.95 (15)
66D007 2.9 (11) 5.8* (22) 1.2 (5) 0.7 (3) 0.2 (1)
66HU17 3.80* (45) 9.2* (9) 2.1(4) 1.1(2) 0.16 (3) 0.010 (5) <0.005
66Sc01 3.4 (4) 8.3 (8) 1.9 (3) 0.7 (1) 0.21 (3)
67Au01 3.4(2) 7.8 (4) 1.5 (3) 0.87 (9) 0.15 (3)
67Ba75 2.9 (3) 6.6 (6) 1.35 (20) 0.63* (15) 0.11* (5)
68Sh07 2.8 (4) 7.3 (5) 1.5 (4) 0.83 (10) 0.15 (5) 0.02 (1)
67Ch20 2.9 (4) (6) 7.2 (11) (15) 1.60 (24) (34) 0.72 (11) (15) | 0.20 (3) (4)
69Ar04 3.0(2) 7.1(4) 1.3(1) 0.8 (1) 0.1* (1)
69AU09 3.03 (14) 7.35 (21) 1.72 (13) 0.85 (7)
69Sc09 0.024* (4) 0.007 (3)
70Ph01 3.10 (11) 7.5(2) 1.72 (5) 0.89 (3) 0.18 (1) 0.014 (4) 0.011 (3)
71Cal4 3.03 (3) 7.390 (75) 1.755 (18) 0.011(2) [ 0.875(9) 0.178 (3) 0.015 (1) 0.0065 (10)
71Ge07 3.20(35) 7.7 (9) 1.71 (25) 0.93 (20) 0.2 (1)
71Ge08 2.81 (28) 7.0 (6) 1.69 (17) 0.015(3) | 0.82(1) 0.15 (2) 0.014 (3) 0.007 (2)
71Si29° 1.71 (9) 0.94 (2) 0.20 (3)
72Pe20” | 2.86(34) (38) | 6.98(86) (96) | - 0.98 (24) (25)

3.03 (36) (40) | 7.4(8) (9) 1.57 (21) (23) 1.03 (14) (15)

2.55* (33) (36) | 6.52(78) (86) | 1.25 (20) (21) 0.84 (13) (14)
74BoxX> | 3.2(1) 8.2 (4) 1.9 (1) 1.00 (4) 0.20 (2)
74H025 0.008 (2) | 0.89 (4) 0.178 (9) 0.016 (2) 0.008 (2)
75Ka06 3.067 (157) 7.45 (43) 1.697 (103) 0.936 (84) 0.164 (18)
77Ge12°> | 3.18(10) (10) | 7.79 (24) (25) | 1.85(6) (6) 0.93 (3) (3) 0.190 (6) (6) 0.0165 (7) (7) | 0.0085 (4) (4)
78Ha53° | 3.24 (3) 7.97 (11) 1.84 (3) 0.010 (1) | 0.95(2) 0.196 (5) 0.012 (3) 0.005 (2)
80St20° 3.03(7) 7.60 (15) 1.815 (36) 0.011(2) | 0.90(2) 0.196 (6) 0.015 (2) 0.010 (2)
80Sh28 3.04 (6) 7.52 (15) 1.77 (4) 0.007 (2) | 0.90(2) 0.19 (5) 0.015 (3) 0.007 (2)
80Y005
82Gr10
89AI25
90Mel15° | 3.24 (3) 7.937 (65) 1.89 (2) 0.011(2) | 0.954 (10) 0.198 (5) 0.018 (1)
92SczZ 3.32(7) (7) 8.13 (17) (17) | 1.93 (4) (4) 0.973 (20) (20) | 0.200 (5) (5)
O0Ra36> | 3.16 (6) 7.815 (160) 1.84 (4) 0.93 (3) 0.19 (1)
02MozP® | 3.196 (17) (18) | 7.85 (4) (4) 1.854 (12) (13) 0.94 (1) (1) 0.196 (2) (2)
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Table 2: *°Co Relative Gamma-Ray Emission Probabilities (continued)®,  Analysis
Eg 3201.99 3253.4g 3273.0g 3369.7g 3451.1g 3547.99 3600.79 3611.8g
All Data
# data points, N 27 27 27 7 29 24 12 9
c”/(N-1) 2.4° 2.8° 3.7° 1.1 5.8° 2.2° 1.2 1.1
Ig UWM 3.10 (5) 7.55 (13) 1.68 (4) 0.0104 (10) | °0.888 (19) 0.179 (6) 0.0158 (11) | 0.0078 (6)
Ig WM 3.172 (11) 7.776 (27) 1.826 (8) 0.0100 (7) 0.905 (4) 0.1914 (13) | 0.0162 (4) 0.0081 (3)
Ig LWM 3.10 (10)* 7.55 (30)" 1.68 (17)" = WM 0.905 (30)° [0.179 (17)* [=wMm = WM
Ig Norm Res 3.188 (16) 7.82 (4) 1.838 (13) 0.0100 (7) 0.931 (7) 0.1934 (14) | 0.0162 (4) 0.0081 (3)
Ig Rajeval 3.194 (12) 7.825 (28) 1.837 (9) 0.0100 (7) 0.932 (5) 0.1939 (14) | 0.0162 (5) 0.0080 (4)
Statistical Outliers N/A N/A N/A
Excluded
# data points, N 25 25 - - 28 22 11 -
c”/(N-1) 2.4 2.9° - - 5.8 2.2 0.99 -
UWM 3.089 (34) 7.56 (10) - - 0.897 (18) 0.185 (4) 0.0150 (8) -
WM 3.173 (11) 7.775 (27) - - 0.905 (4) 0.1914 (13) 0.0161 (4) -
LWM 3.09 (11" 7.56 (29" - - 0.905 (30)° [0.185 (11)* [=wM -
Selected Data
# data points, N 7 7 8 3 8 8 4 3
c’/(N-1) 1.6 1.1 1.1 0.17 1.2 0.22 1.7 1.8
Ig UWM 3.178 (27) 7.88 (7) 1.837 (21) 0.0107 (3) 0.943 (10) 0.1958 (14) | 0.0154 (13) |0.0078 (15)
Ig WM 3.205 (13) 7.868 (31) 1.856 (9) 0.0103 (8) 0.943 (6) 0.1957 (16) | 0.0167 (5) 0.0084 (4)
Ig, LWM = WM =WM =WM =WM = WM =WM = WM = WM
Ig Norm Res 3.205 (13) 7.868 (31) 1.856 (9) 0.0103 (8) 0.943 (6) 0.1957 (16) | 0.0167 (5) 0.0084 (4)
Ig Rajeval 3.209 (13) 7.871 (31) 1.853 (10) 0.944 (6) 0.1957 (16) | 0.0166 (6) 0.0085 (4)
Adopted Ig 3.205 (13) 7.87 (3) 1.856 (9) 0.0103 (8) 0.943 (6) 0.1957 (16) | 0.0167 (5) 0.0084 (4)
Source Sel; WM Sel; WM Sel; WM Sel; WM Sel; WM Sel; WM Sel; WM Sel; WM

@ Experimental data are listed along with the authors’ statistical uncertainty in the least significant digits (given in parentheses). If two numbers are shamn parentheses, the
second is the uncertainty after any uncertainty in the reference line (84@) has been combined in quadrature with the former uncertainty. Note that reference codes are given
with the leading two digits of the code omitted. In the ‘Analysis’ section, the following abbreviations have been used: UWM= unweighted mean; WM= weighted mean;
LWM=values recommended by the program LWEIGHT; Norm Res = result from Normalised residuals analysis; Rajeval = result from Rajeval technique analysis; NNRaj =
mean of values from Normalised Residuals and Rajeval technique analyses, using the larger of the two uncertainties ‘Sel’ referrers to data from eight selected references in
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which the detector efficiency curves were wellcharacterised to at least 3600 keV (2002MoZP, 2000Ra36, 1990Mel5, 1980St20, 1978Ha53, 1977Gel2, 1974BoXX and
19718i29).

" This grray intensity datum is identified by LWEIGHT as a statistical outlier based on the Chauvenet criterion.

* Transition reported in one study only.

® Exceeds critical value for ¢*/(N-1) so LWEIGHT considers the data in this dataset to be discrepant.

¢ Reported as 0.310 in 1980Sh28, but this is clearly a typographical error; the value from the literature with which it is compared is also an order of magnitude ©o large.
41972Pe20 took data using three different detectors (cylindrical, rectangular and trapezoidal), each calibrated using Monte Carlo calculations; data from these detectors are
shown separately.

¢ Weighted mean, external uncertainty recommended by LWEIGHT.

"Datum rejected by Rajeval analysis.

S Data from this reference included in ‘selected data’ analysis.

X LWEIGHT has expanded the uncertainty to encompass the most precise datum.
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>'Co - Comments on evaluation of decay data
by V. P. Chechev and N. K. Kuzmenko

1. Decay Scheme

The 2™ forbidden electron capture (EC) transitions to the 3/2 ~ excited levels of 14,413
keV and 366,74 keV have not been observed, as well as the 2™ forbidden unique EC transition to
the 1/2° ground state of >'Fe. From the log ft systematics the log ft of the 2" forbidden transitions
should be greater than 11,1 and 10,8, respectively, and for the 2" forbidden unique transition,
greater than 12,9. From these, the upper limits on the EC branch probabilities to the 14,413 keV
level and ground state of "Fe are obtained as < 0,003 % and < 0,00035 %, and for the EC branch
to the 366,74 keV level £ 0,002%. The calculations of the level probability balance in the decay
scheme of *’Co were made not taking into account the first two unobserved transitions. The EC
branch probabilities to the levels of 136,47 keV, 366,74 keV and 706,42 keV were obtained from
an probability balance of the gamma transitions.

2. Nuclear Data

Q value is from Audi and Wapstra (1995Au04).
There are available eight measurement results of the half-life of >’Co (Table 1).

Table 1. Measurement results and evaluation of the half-life of >’Co

Reference Data set "1" Data set "2" Data set "3"

c?=39,2 c’=14,5 c’=14,5

(C2)7 0,05 =14,1 (C2)6 0,05 _ 12,6 (02)6 0,05 =12,6
1997Ma75 271,68(9) 271,68(9) 271,68(9)
1992Un01 272,11(26) 272,11(26) 272,11(26)
1983Wa26 271,84(4) 271,84(4) 271,84(4)
1981Vall 271,90(9) 271,90(9) 271,9009)
1980Ho017 271,77(5) 271,77(5) 271,77(5)
1972Lal4 271,23(21) 271,23(21) 271,23(21)
1972EmO1 269,8(4) Omitted Omitted
1965An07 271,65(13) 271,65(13) 271,65(13)
Evaluated value 271,80(5) d
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The value of 269,8(4) days from 1972EmO01 was omitted on statistical consid erations
(because of a large contribution to ¢* and also on the Chauvenet’s criterion). This leads to the
data set “2” of the seven values which coincides with the final data “3” as the LRSW method in
statistical processing of the set “2”” does not change the relative statistical weights.

The computer program EVINEW 2000ChO1 has chosen the weighted mean of 271,80(5)
days with the tS (or MBAY'S) uncertainty as ( ¢?)"%,.;<c*<10(c*)**,.; (see evaluation technique
in 2000Ch01). Other statistical procedures gi ve, UWM -271,74(10), WM-271,80(3), CHV-
271,83(7), UINF-271,80(4), PINF-271,80(4), BAYS-271,80(5), LWM-271,80(4), IEXW-
271,75(8), NORM-271,80(4), RAJ-271,80(3). The computer program LWEIGHT leads to
271,80(3) days, the weighted mean with the internal uncert  ainty (the external uncertainty is
0,042). (The other evaluations of half-life of >’Co see in 1990Ni03 and 1998Bh11).

The adopted value for the half-life of >’Co is 271,80(5) days.

Half-life of excited levels in >'Fe

The half-life of the excited levels (136 and 14 keV) have been evaluated being : 8,8(5) ns [using
1989Ral7 and 1978A1ZX] and 98,0(3) ns [from 1961Cl111, 1965Ki03, 1967Ec05, 1969H028,
1978 A1ZX, 1995Ah04], respectively.

2.1. Electron Capture Transitions

The energies of the electron capture, €, transitions have been calculated from the Q value
and the level energies deduced from gamma transition energies.

The Pk, PL and Py values have been obtained from the tables of Schonfeld (1998Sc28).
The experimental Px values are available for &), EC transitions to the level of 136,47 keV:
0,885(9) in 1968Ru04 ; 0,87(2) in 1969B049 ; 0,922(10) in 1973 Mukerji and 0,89(4) in
1990Si03.

The electron capture probabilities of €, , &3 and &4 have been calculated from the
balance of the evaluated Pgtce values for the136,47 keV, 366,74 keV and 706,42 keV levels,
gsspectively, assuming negligible EC transitions to the 14,4 keV level and the ground state of

Fe.

The calculated value of the sum of Py for the 4 gamma transitions to the ground state of
"Fe is 99,996 (19) %.

2.2. Gamma Transitions and I nternal Conversion Coefficients

The evaluated energies of gamma transitions are the energies of the gamma rays plus the
recoil energy.

The probabilities of gamma transitions Pg.. have been computed using the evaluated
absolute gamma ray emission intensities and the total internal conversion coefficients (ICC). The
ICC have been evaluated using the experimental information on the multipolarity admixture
coefficients (see below) and the theoretical values from 1976Ba63.

The values of d(E2/M1) have been adopted from the analysis of 1978Kr19 except for @
which 1is obtained by weighting the 4 values of +0,120 from 1972F005, +0,116(1) from
1973Sc15, +0,1195(10) from 1975Co022 and +0,120(4) from 1972Kr15 (see al so the evaluation
of 1998Bh11). The weighted average of d(E2/M1) for @1 is +0,1180(12).
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The adopted values of d(E2/M1) for other gamma transitions are 0,00223(18) for g,
+0,02 for G2, +0,083(5) for oh3, +0,025(9) for &, -0,45(5) for & ,+0,097(8) for k> and -
0,465(8) for g ;.

There are many experimental values of ICC and the ratios of the fractional intensities of
conversion electrons for g, &1 and g which, with the exception of 1996Mel 1, support the
adopted values of ICC:

Oo ax=7,76(23), ar=0,804 (24) from 1976Ba63
ax=7,35(19) from 1985HaZA
K:L:M+=100:9,59(13):1,48(15) from 1971Po05

@1 ax=0,0214(12), K/L+ =8,2(6) from 1967Ha06
K:L:M+=100:9,0:1,5 from 1955Co031

Go  ax=0,122(13), K/L+ =8,6(5), ar/ax =1,118(5) from 1967Ha06

There are 6 experimental values for the total ICC (ar) ofthe low -energy gamma
transition ¢ (14,413 keV): 9,0(5) and 8,9(6) from 1965Ki03 ; 8,26(22) from 1965Mo22 ;
8,25(46) from 1966Sp06 ; 8,26(22) from 196 8Ru04 and 8,19(18) from 1970J030. They can be
compared to the adopted value of ar=8,58(18).

3. Atomic Data

3.1. Fluorescence yields

The fluorescence yields are taken from 1996Sc06 (Schonfeld and Janben).

3.2. X Radiations

The X-ray energies are based on  the wavelengths in the compilation of 1967Be65
(Bearden).

The relative Kb/Ka emission probability is taken from 1998Be and 1997Lepy. They have
shown that taking into account double -electron transitions with a simultaneous emission of a
photon and Auger electron (the radiative Auger effect RAE) increases the value of Kb/Ka =
from 0,1368(14) (1996Sc06) to 0,1419(19) (1998Be) or 0,1423(17) (1997Lepy). From these we
have adopted Kb/Ka = 0,142(2).

The ratio Ka,/Ka is from 1996Sc06

3.3. Auger Electrons
The energies of Auger electrons are from 1977Lal9 (Larkins).
The ratios P(KLX)/P(KLL) and P(KXY)/P(KLL) are taken from 1996Sc06.

4.Photon Emissions

4.1 X-Ray Emissions

The total absolute emission intensity of KX -rays (Pxk) has been computed using the
adopted value of Wy, the evaluated total absolute emission probabilities (sums) of K conversion
electrons (Pcek) and K electron capture (Pex).
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The absolute emission intensities of the KX -ray components have been computed from
the total Pxx using the relative probabilities from sect. 3.2.
Below the measured values of Pga and Pxg are compared to our calculated (evaluated)

values:
Measured Calculated
1989 Debertin 1994Ar22 (evaluated)
Pka, % 50,6(9) 50,1(5) 50,0(6)
Measured Calculated
1968Ru04 1973 Mukerji 1978 Vylov 1989 Debertin  (evaluated)
Pxk, %  56,9(8) 58,4(17) 55,3(15) 56,0(11) 57,1(9)

The total absolute emission intensity of LX -rays has been computed using absolute sums
Pcer, Pcek, Pex, Pe and atomic data of section 3.1 (W, V g, ngr).

4.2. Gamma Emissions

The energies of the gamma rays @, and G have been adopted from 1976Bo16 and
2000He14. The energies of other gamma rays have been obtained as the weighted means of
measurement results listed in Table 2 or calculated from the decay scheme of ’Co. The
corrections to the revised energetic scale in 2000He14 (lowering the values by 5,80 ppm) do not
change these values.

The evaluator has assumed no EC feeding to the ground and first excited states and used
the total gamma -ray transition probabilities to these two states (except that for the 14,4  -keV
transition) to normalize the decay scheme (using adopted relative photon intensities from Table
3, conversion coefficients fro m Section 2.2). This procedure has produced a normalization
factor of 0,8551(6).

The absolute gamma ray emission intensity for g (14,413 keV) has been computed as
follows: P’ (0i,0) =P’ gree(i,0)/(1+ar1(0i,0)), where P’ gice(0i0) = 87,57(16) comes from decay -
scheme probability balance at the 14,4 -keV level, and ar(g0)=8,58. The deduced value of
Py(01,0)=9,15(17) % can be compared with the experimental values, such as 9,5(2) %
(1978Vylov), 9,54(12) % (1992ScZZ) and 9,16(15) % (1989Debertin). It agrees extremely well
with the CRP experimental result from 1989 Debertin.

It should be noted also that the evaluated sum Py 0)+Py(01,0)==19,86(23) % agrees well with the
measured value of 19,84(17)% in 1971Ko19.
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Table 2 - Measured and adopted energies of gamma-rays in the decays of >’Co ® *’Fe and >’Mn ® °'Fe

1965K103 1965Sp06 1970Gr13 1971Ko019 | 1972He42 1974Ti01° 1976Bo16 1980Ve05 WM Adopted

o 14,408(5) 14,41247(29) | 14,410(6) ; 14,41295(31)°
%, 122,073) | 122,06(2) 122,063(4) | 122,06065(12) - 122,06065(12)
Go 136,473(4) | 136,47(3) 136,473(4) | 136,47356(29) - 136,47356(29)
Go | 229.8(10) | 230,6(6) | 230.4(5) | 230,4(6) 230,25(4) 230,29(2) 230,27(3) | 230,27(3)
g | 3397(4)  [3397(5) |339,7(3) | 339,68(28) 339,60(6) 339,54(18) | 339,61(9) | 339,67(3)°
G, | 352,5(4)  |3524(5) |352,5(3) | 352.23(27) 352,32(3) 352,36(1) 352,34(2) | 352,34(2)
Go | 366.8(5) | 366,7(5) |336.84) | 367,005 366,73(4) 366,75(1) 366,74(3) | 366,74(3)°
g | 570.04) |57034) |570,13) | 570,04(28) 569,93(5) 569,92(4) 569,94(4) | 569,94(4)
g | 692,13) | 692,1(3) | 692,12) | 692,44(6) 692,00(3) 692,03(2) 692,02(2) | 692,01(2)°
9o | 7064(4) | 706,8(4) | 706,6(3) | 706,46(34) 706,54(22) 706,40(20) | 706,50(20) | 706,42(2)"
a Experimental values from the decay of S"Mn
b Calculated from decay scheme using the energies of &1, &0, B2, G2, G2
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Table 3 - Relative emission probabilities of gamma rays in the decay of >’Co

57C0

g E, 1965Ki03 1965Ma38 1971Ko019 1974 HeYW | 1980Sc07 * 1982Gr10 Average Adopted
go |14 1,14(5)10°* 10,70(20) °
@, | 122 |10 10° 10° 10° 10° 10° 10° 100

®o | 136 | 1,25@8)10° | 1,20(1) 10* 1,30(4) 10" 1,29(7) 10* | 1,236(9) 10* 1,245(30) 10* | 1,253(18) 10*° 12,53(18)
G, | 230 0,2(2) 0,5(5) 4(4) 10"
O | 340 2,93) 4,5(4) 0,0045(4) ¢
G | 352 2,02) 3,7(4) 0,0037(4) ¢
Go | 367 0,7(1) 1,5(4) 0,0015(4) ¢
G, | 570 16(1) 19,4(11) 10(10) 18(2) © 0,018(2)
O | 692 188(5) 183(11) 190(30) 186(7) ' 0,186(7)
Qo | 706 5,5(6) 6,2(6) 5,8(6) © 0,0058(6)

* In 1980Sc07 the absolute gamma-ray emission probabilities are reported: Pg ¢(136)=10,58(8)% and Pg, 1(122)=85,59(19)%. Their ratio is 0,1236(9).
® Calculated as described in the text

¢ The LWEIGHT program (version 1.2) has used an unweighted average and expanded the uncertainty so range includes the most precise value of 1980Sc07 .

is reasonable choice because of disagreement of the experimental values some uncertainties of which are only statistical.
¢ Adopted from 1971Ko019.
¢ LWEIGHT has used a weighted average and expanded the uncertainty so range includes the most precise value of 1965Ma38.
" The method of Limitation of Relative Statistical Weights (LRSW) increased the uncertainty of 1965Ma38 to 10,3.
¢ The experimental uncertainty is adopted as the uncertainty of the evaluated value.
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5. Electron emissions

The energies of the conversion electrons have been calculated from the gamma transition
energies given in sect. 2.2 and the electron binding energies.

The emission intensities of the conversion ele  ctrons have been calculated using the
transition probabilities given in sect. 2.1and 2.2, the atomic data given in sect. 3, and the internal
conversion coefficients given in sect. 2.2.

The low energy electron spectrum from the decay of ’Co has been analys ed in
1997Ko0ZJ using a combined electrostatic spectrometers. They obtained the following intensity
ratios for the main spectrum components: (LMM+LXY) /KLL /KLX /KMX /K-14,4/L-14,4/
(M+N)-14,4 = 49,3(38): 59,6(23): 15,2(6): 1,2(2): 49,9(18): 5,1(3): 0,80(4). These values agree
mainly with our evaluated data on electron emissions apart from the intensity of L Auger
electrons. Perhaps, the latter is connected with difficulties of the electron spectrum measurement
in the energy region of 0,6 -0,7 keV. The discrepancy takes place also for the L/(M+N) and
K/(M+N) ratios.

Also in 1997KoZ]  L/L, =15,7(5), Li/Ls=39,3(16), M,3/M;=0,076(4) have been
measured for the gamma transition ¢ o (14,4 keV).
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*’Ni — Comments on evaluation of decay data
by Shiu-Chin Wu

The Limitation of Relative Statistical Weight (1988Wo0Z0) (LWM) method, used for averaging numbers
throughout this evaluation, provided a uniform approach for the analysis of discrepant data. For two
discrepant values, the method chooses the unweighted average. The uncertainty assigned to the
recommended values was always greater than or equal to the smallest uncertainty of the values used to
calculate the average.

1. Decay Scheme

*Ni decays by EC + b" to *’Co states at 1377.65, 1504.81, 1757.58, 1919.55 and 2804.27 keV. The total
b" branching has been measured by 1967Li08, 1962Ch20, 1958K060 and 1964Ru06. The weighted

average of the results gives (45.9 * 1.0) %, in agreement with the value of 43.5% predicted by theory [1;
1957Zw01].

2. Nuclear Data

The following values of the half-life of *’Ni have been used to deduce a recommended value:

1 35.54(5) h Dickens (1986)

2 35.65(5) h Grutter (1982)

3 36.16(11) h Rothman et al. (1974)

4 35.99(12) h Ebrey and Gray (1965)
5 35.72) h Rudstam (1964)

6 36.4(7)h Friedlander et al. (1950)
7

35.7(10) h Maienschein and Meem (1949)

The recommended half-life of *’Ni, 35.9(3) h, is an average (C*/N-1=5.83, LWM) of the seven values
listed above. The LWM method changed the uncertainty of the averaged value from 0.1 h to 0.3 h, in
order to overlap with the most precise value of 35.54 h. The value 0f 43.7(9) h by Rayburn (1961Ra06)
differs from the average by about8 S, and was not included. Rudstam (1956Ru45) had previously
reported a value of 37.6(5) h, which has been superseded by the more precise value of 357(2) h
(1964Ru06) given above.

2.1  Electron Capture Transitions

Electron-capture energies given in Tables 2.2 have been deduced from the Q value and the level energies.
EC + b" feedings to the levels are from gamma -ray emission probability balances. The electron -capture
and positron emission probabilities to the individual levels are bas ed on theoretical [1] b"/EC ratios. The
fractional atomic shell electron -capture probabilities are theoretical values [1977Ba48] calculated with
the EC-CAPTURE computer program [2]. EC decay to the ground state of *'Co has not been observed.
This transition would be 2™ forbidden non-unique, with a systematic g ft value of 11.0 or higher. Its
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corresponding probability, calculated with the LOGFT computer program [3], is less than 0.01%.
Similarly, the EC decay to the 1* excited state has a probability of less than 0.001%.

2.2 Positrons Transitions

Electron-capture and b" end-point energies given in Tables 2.1 and 2.2 are equal to Qe = 3264.2(26)
keV (1995Au04) minus the individual level energies, and to the electron -capture energies minus 2 moc”
(1022 keV), respectively.

23 Gamma Rays

Gamma-ray energies were measured with Ge(Li) detectors by Scardino et al. (1990Sc23); Rothman et al.
(1974HeYW); Gatrousis et al. (1969Gal4); Lingeman et al. (1967Li08) and Piluso et al. (1966Pi01).
The energies adopted here are the LWM averages, which are usually dominated by the values of 90Sc23.

57Ni

Adopted 1990Sc23 | 1974HeYW | 1969Gal4 | 1967Li08 | 1966Pi01 | c’g
127.164(3) | 127.164(3) | 127.192(25) | 127.1(1) | 127.6(5)** | 127.2(1) | 0.59
161.86(3) 161.86(3) 161.8(3) 0.04
304.1(1) 304.1(1)

379.94(2) 379.94(2) 380.0(2) 0.09

541.9(1) 541.9(1)

673.44(4) 673.44(4) 673.4(2) 0.04

696.0(4) 696.0(4)

755.3(1) 755.3(1)

906.98(5) 906.98(5) 906.8(3) 0.35
1046.54(14)° |1046.68(3) 1046.4(2) 0.98
1223.8(3)°  |1224.00(4) 1223.5(4) 0.78
1279.99(6)  |1279.99(6)

1350.52(6)  |1350.52(6)

1377.62(4) |1377.63(3) |1377.59(4) |1377.6(2) |1378.0(5) |1378.1(2) | 1.7

1603.28(6)  |1603.28(6)

1730.45(6)  |1730.44(6) 1730.6(3) 0.27
1757.55(3) |1757.55(3) |1757.48(8) |1757.6(2) |1758.2(6)** |1757.7(2) | 0.45
1897.0(5)°  |1897.42(4) 1896.5(4) 2.6
1919.62(14) |1919.52(5) |1919.43(8) |1919.5(2) [1919.9(6) |1920.2(1) | 11

2133.04(5)  |2133.04(5) 2132.9(3) 0.21
2730.76(14) |2730.91(4) 2730.6(2) |2731(2) 0.61
2804.08(15) |2804.20(3) 2803.9(2) |2805.1(9) 1.2
3177.27(5)  |3177.28(5) 3176.9(3) |[3177.3(12) 0.78

** Statistical outlier, omitted.
* The LWM chose the unweighted average for these discrepant values.

Gamma-ray emission probabilities relat ive to that of the 1377.62 keV

detectors were reported by  Scardino et al. (1990Sc23); Grutter (1982Gr10); Rothman et al.

gray measured with Ge(Li)

(1974HeYW); Gatrousis et al. (1969Gal4); Lingeman et al. (1967Li08) and Piluso et al. (1966Pi01).
The LWM averages have been adopted here.
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EgkeV Adopted  [1990Sc23  [1982Grl10 [1974HeYW [1969Gald [1967Li08 |1966Pi01 | cx
127.164(3) |19.8(6) 20.4(4) 20.3(2) |16.6(10) |20.0(6) |17.6(9) |15.0(9) | 10
161.86(3) |0.025(3)* |0.0278(8) 0.022(11) 14
304.1(1) 0.0024(7) |0.0024(7)

379.94(2)  |0.089(7)" [0.082(2) 0.10(5) 4.2
541.9(1) 0.0045(6) |0.0045(6)
673.44(4)  |0.0600(18) [0.0601(18)Y 0.06(3) 0.38

696.0(4) 0.0011(8) [0.0011(8)
755.3(1) 0.0066(8) |0.0066(8)

906.98(5)  |0.092(18)* [0.075(2) 0.110(6) 20
1046.54(14) |0.163(4)  |0.164(4) 0.16(1) 0.20
1223.8(3) 0.094(16)* |0.077(3) 0.110(6) 18

1279.99(6)  [0.0118(9) [0.0118(9)
1350.52(6)  [0.0024(12) |0.0024(12)

1377.62(4)  |100(2) 100 100 100 100 100 100
1603.28(6)  |0.0048(8) |0.0048(8)

1730.45(6)  |0.068(4)* |0.064(3)? 0.072(4) 25
1757.55(3)  |7.5(5) 7.04(20) 7.63(20) [9.1(8) 7.7(2) 9.5(5) 6.9(3) 6.1
1897.0(5) 0.031(3)* |0.034(3) 0.028(14) 2.0
1919.62(14) |15.4(7) 15.0(3) 17.04) [18.9(12) [17.05) [22.411) |14.7(2) | 10
2133.04(5)  [0.041(6)* |0.035(2)? 0.047(24) 13
2730.76(14) [0.024(4)  |0.0243(6) 0.03(2) |0.015(2) 18
2804.08(15) [0.126(21) [0.120(4) 0.17(1)  |0.088(9) 23
3177.27(5)  [0.019(5)  |0.0136(7) 0.024(1) (0.021(3) 21

Y The relative intensity of the 673.44 -keV gray was listed in 1990Sc23 as 0.0601(15), and corrected as 0.0601(8)
by Bhat (1992Bh05). However, a relative uncertainty of 1% for such a weak peak seems too low, it is probably a
typographical error. We used 0.0601(18) here.

? As suggested by Bhat (1992Bh05), the intensity given in 1990Sc23 for the 1730.44 keV ~ gray (0.0614(3)) was
changed to 0.064(3); and the uncertainty of the 2133.04 keV gray (0.0350(2)) was increased by a factor of 10 here
(possible typographical errors).

?) Statistical outlier, omitted.

* The LWM chose the unweighted average for these discrepant values.

EC + b" feeding to the ground state of >’Co has not been observed. A systematic Ig ft 3 11.0 for a second
forbidden non-unique transition corresponds to Igc £ 0.01% for a possible EC transition to the ground
state of >’Co. Thus, we used the sum of the relative emission probabilities of the 1224.00 keV, 1377.63
keV, 1757.55 keV, 1897.42 keV, 1919.52 keV, 2133.04 keV, 2730.91 keV, 2804. 20 keV and 3177.28
keV grays to normalize the decay scheme. The 1377.62 keV gamma ray is the strongest transition, for
which we used a fractional uncertainty of 2%, suggested by ~ 1992Bh05. Similarly, for the first excited
state at 1224 keV, a possible EC + b transition would have a systematic Ig ft * 12.6, which corresponds
to an intensity Igc £ 0.001%. Conversion coefficients used in these calculations are those of Band et al.
[1976Ba63].

3. Atomic Data

The X-ray and Auger electron emission probabilities given in section 3 are values calculated by using the
computer program EMISSION [4], the electron capture probabilities from section 2.2, and atomic data
from 1996Sc06.
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4. Radiation Emission

4.1  Electron Emission
The emission probabilities of the Aug er electrons have been calculated here using the adopted nuclear
and atomic electron capture transition data, and the program EMISSION [4]. The emission probabilities

of conversion electrons were calculated using the adopted gray emission probabilities and conversion
coefficients (section 2.2).

4.2 Photon Emission

The emission probabilities of X-rays were calculated using the adopted nuclear and atomic electron
capture transition data, and the program EMISSION [4]. The  evaluation of the gamma -ray emission
probabilities was discussed in section 2.3.

Total Average Radiation Enerqy

The total released average radiation energy (electron capture, neutrinos, nuclear recoil, photons and
electrons) in the EC+ b" decay of *'Ni (calculated by using the computer program RADLST [5]) is
3264(32) keV. This value agrees well with 3264.2(26) keV from mass differences (1995Au04), and thus
confirms the quality and completeness of the decay scheme.

References
[1] - P. F. Zweifel, Capture-Positron Branching Ratios, Phys. Rev. 96, 1572 (1954)
[2] - Eckart Schonfeld, Frank Chu and Edgardo Browne, EC-Capture, a computer program to

calculate electron-capture probabilities to various atomic shells for allowed and first-
forbidden non-unique transitions. PTB, LBNL, Dec. 23, 1997.

[3] - The Program LOGFT, National Nuclear Data Center, September 3, 1993.

[4] - Herbert Janben and Eckart Schonfeld, EMISSON, a computer program to calculate X-ray
and Auger electron emission probabilities. PTB, Nov. 18, 1997.

[5] - The Program RADLST, Thomas W. Burrows, report BNL-NCS-52142, February 29, 1988.
1949Ma38  F. Maienschein and J. L. Meem, Jr., Coincidence Experimentsin ®Ni, *'Ni, *°Ag and *“In.
Phys. Rev. 76, 899 (1949)

1950Fr10 G. Friedlander, M. L. Perlman, D. Alburger, A. W. Sunyar, Measurement of Absolute
Electron Capture Rates with an Application to the Decay of *'Ni. Phys. Rev. 80, 30 (1950)

1956Ru45  G. Rudstam, Spallation of Medium Weight Elements. Thesis, University of Uppsala (1956)

1957Zw01  P. F. Zweifel, Allowed Capture-Positron Branching Ratios, Phys. Rev. 107, 329 (1957)

126
Tsing Hua University/S-C. Wu Mar. 1999



. 57n1;
Commentson evaluation Ni

1958K060

1961Ra06

1962Ch20

1964Ru06

1965Eb01

1966Pi01

1967L108

1969Gal4

1974Ro18

1976Ba63

1977Ba48

1982Gr10

1986Di02

1988WoZO

1990Sc23

1992Bh05

1995Au04

1996Sc06

J. Konijn, H. L. Hagedoorn, B. van Nooijen, Further Sudy on the Decay of *'Ni. Physica 24,
129 (1958)

L. A. Rayburn, 14.4 MeV (n,2n) Cross Sections. Phys. Rev. 122, 168 (1961)

G. Chilosi, S. Monaro, R. A. Ricci, Excited Levelsin *’Co from the Decay of *’Ni. Nuovo
Cimento 26, 440 (1962)

G. Rudstam, Peripheral Reactionsin Copper Induced by 19 GeV Protons. Nucl. Phys. 56,
593 (1964).

T. G. Ebrey, P. R. Gray, Precision, Half-Life Measurements of Fourteen Positon-Emitting
Nuclel. Nucl. Phys. 61, 479 (1965).

C. J. Piluso, D. O. Wells, D. K. McDaniels, The Decay of **Ni and *'Ni. Nucl. Phys. 77,
193(1966).

E. W. A. Lingeman, J. Konijn, F. Diederix, B. J. Meijer, The Decay of >’Ni. Nucl. Phys.
A100, 136 (1967).

C. Gatrousis, R. A. Meyer, L. G. Mann, J. B. McGrory, Sngle-Particle and Core-Coupled
Satesin °’Co fromthe Decay of >’'Ni. Phys. Rev. 180, 1052 (1969).

S. J. Rothman, N. L. Peterson, W. K. Chen, J. J. Hines, R. Bastar, L. C. Robinson, L. J.
Nowicki, J. B. Anderson, Half-Lives of Nine Radioisotopes. Phys. Rev. C9, 2272 (1974).

I. M. Band, M. B. Trzhaskovskaya, M. A. Listengarten, Internal Conversion Coefficients for
Atomic Numbers Z < 30. At. Data Nucl. Data Tables 18, 433 (1976).

W. Bambynek, H. Behrens, M. H. Chen, B. Crasemann, M. L. Fitzpatrick, K. W. D.
Ledingham, H. Genz, M. Mutterer and R. L. Intemann, Orbital Electron Capture by the
Nucleus, Rev. Mod. Phys. 49, 77 (1977)

A. Grutter, Decay Data of *>**Co, *’Ni* ® ®*Cu and ®* %*Zn. Int. J. Appl. Radiat. Isotop. 33,
533 (1982).

J. K. Dickens, Half Life of >Ni. J. Radioanal. Nucl. Chem. 103, 273 (1986).
M. J. Woods and A. S. Munster, Evaluation of Half-Life Data. NPL RS(EXT)95 (1988).

A. M. S. Scardino, O. Helene, P. R. Pascholati, V. R. Vanin, Beta Decay of >Ni. Z. Phys.
A336, 313 (1990).

M. R. Bhat, Nuclear Data Sheets Update for A = 57. Nucl. Data Sheets 67, 195 (1992).

G. Audi and A. H. Wapstra, The 1995 Update to the Atomic Mass Evaluation. Nucl. Phys.
A595, 409 (1995).

E. Schonfeld and H. Janben, Evaluation of Atomic Shell Data, Nucl. Instr. Meth. in Phys.
Res. A369, 527 (1996).

127

Tsing Hua University/S-C. Wu Mar. 1999






. 59
Comments on evaluation Fe

*Fe — Comments on evaluation of decay data
by M.M. Béand V. Chisté

1. Decay scheme

This decay scheme was well studied (Bérényi, Béraud, Collin, Ferguson, Heath, Pancholi, Metzger, Raman,
etc.) so that the existence of beta transitions and the spin and parity of the *’Co levels are clearly established.
Some authors (Mukerji, Raman) carried out experiments in order to measure the weak b- branches. No clear
evidence of a b-branching to the 1190 keV level was found, if this transition exists its branching ratio has an
upper limit of 1~ 10™.

2. Nuclear Data

*Fe half-life (in days)

Author NSR Value |Uc Method

Metzger 52Me53 45.0 3.0 Nal

Keene 58Ke26 44.56 |0.03 ionisation chamber

Pierroux 59Pi43 45.60 ]0.08 Electrometer a lames vibrantes
Fuschini 60Fu03 63.1 0.8

Heath 60He06 45.0 5.0 Nal

Subba Rao 60Sul0 46.5 1.0

Wortman 63Wo01 45.0 3.0

Emery 72EmO01 44.5 0.2 Nal

Visser 73Vil3 4475 10.04 Nal (s x 3)

Alstad 75A102 453 0.3 Gas flow proportional counter
Houtermans 80Ho17 44.496 |0.007 4p-g

Walz 83Wa26 44.53 |0.07 4p- gionisation chamber
Unterweger 92Un01 44.5074 10.0072

Martin 97Ma’75 44.472 10.008 4p- gionisation chamber

The value from Fuschini was omitted due to its large deviation from the others.

The values from Subba Rao, Pierroux were rejected as outlier (Chauvenet’ s criteria).

With this set of eleven remaining values, the reduced C” is 6.4 and the Lweight program recommends the
unweighted mean and expanded the uncertainty : 44.74 + 0.24.

With these eleven values the weighted mean and the external uncertainty are :

44,498 £ 0.011.

Taking into account the most precise values (Keene, Visser, Houtermans, Walz, Unterweger and Martin) :
- the value from Visser was rejected as outlier;

- then the reduced c* =4 ;

- the weighted mean is 44.495 with an external uncertainty of 0.008.

Regarding the fact that the four more recent measurements are compatible with this value and (for three of
them) have a similar uncertainty, the recommended value is :
44.495 + 0.008 d
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Half-lives of *°Co excited levels
Level 1100 keV

- Sidhu : £ 50 ps

- Béraud < 14 ps

Level 1291 keV (in ns)

Author NSR Value |[Uc
Sidhu : 67Si01 0.60 |0.05
Agarwal : 67Ag03 0.59 10.02
Béraud : 67Be60 0.575 |0.011
Garg : 72Ga39 0.538 [0.004
Green : 72Gr05 0.564 |0.020
Arens : 71Ar07 0.564 |0.005

The value from Chauhan (0.516 (6)) was not taken into account : it seems that the experiment is the same as
those described in Garg et al.

For the six values above the reduced c” is 5.45 and the critical ¢* = 3. Then, the uncertainty on the value
given by Garg was increased by 1.08 in order to reduce its relative weight to 50 %. The reduced ¢ is 5.10.
This set of value is not consistent and the unweighted mean is adopted : 0.572 (34) ns.

Level 1434 keV

Arens : 210 (20) ps

2.1 Beta Transitions
Beta transition energies

The adopted Q-value 1565.2 (6) keV is from Audi and Wapstra. It was determined from the measurements
of Wortman and Metzger (see Table below)

The adopted energies and uncertainties of beta transitions are deduced from the
energies and their uncertainties.

Q-value and the levels

Measured beta energies are summarized in the following table :

keV 1565 475 273 132 85
Wortman 1573 £ 3 475+ 3 2735
Berenyi 4555 2755
Metzger 1560 + 8 462 +3 271+£3
Mukerji 1566 132 85
Subba Rao 1580 + 20 470+ 6 2806 150 £ 10
Raman 1575 +£ 20 461 £ 10 268 £ 10 128 80
Evaluated 1572+ 3 4634+ 2.2 273.0x21 137+ 8 825+25
Adopted 1565.2+ 0.6 | 465.9% 0.6 273.6 0.6 130.9+£ 0.6 83.6+ 0.6

The 1565 keV transition is second forbidden

non unique, with the shape factor given by Wortman (see

below) the mean energy is 521 keV ; with the shape factor from Raman the mean energy is 584 keV ; these
calculations were done with the SPEBETA program. In the Russian book Kolobachkin et al. the mean energy

was calculated to be 523

keV.

Expecting a confirmation, the adopted value is 522 (2) keV.

LNHB/M. M. Bé, V. Chisté
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Beta transition probabilities

The emission probabilities are calculated from gamma transition probability imbalance on each level. That
was done for all the transitions, except for the weak 1565-keV to the ground state, the resulting values are in
agreement with the experimental values (see Table below).

Taking into account the consistency of the decay scheme :

- the sum of all the transitions to the Co -59 ground state must be equal to 100 ; this leads to an intensity
value of 0.12 (32) for the 1565 keV transition. This important uncertainty comes from the propagation of the
uncertainties on the gamma transitions.

- the sum of all the beta transitions leavi ng from Fe-59 must be equal to 100 ; this gives a value of 0.13 (34)
for the 1565 transition.

However, several authors measured this transition intensity and found values from 0.18 (4) % to 0.3 (1) %
(Table below).

It must also be pointed out that the au thors gave measured gamma emission probabilities after corrections,
with a value of the I, (gs) taken as :

- 0.3% by Legrand, Béraud, Pancholi ;

- 0.18% by Miyahara.

From the previous remarks, it follows that the Ip.(gs) intensity is certainly greater tha n 0.10% (decay
scheme) and less than 0.40% (experiments).

The adopted value is then : 0.25 (15) %.

Table : Measured Ib

Metzger (52Me53)

1573keV  Ib=0.3(1)% lg ft=10.9
475keV  Ib=54.8(20)% Igft=6.7
273keV  Ib=449 (20)% lgft=5.9

Wortman. (63Wo01) (No uncertainty given)

1573keV  1b=030% lgft=10.96  shape factor p°+ 3.3¢°
475keV  Ib=512% Igft=6.74

273keV b =48.5% lgft=5.92

Raman (74Ral3)

1573keV  1Ib=0.18 (4% Igft=11.15+0.11 shape factor p>+ 1.7 ¢
475keV  Ib=51(3)%

273keV  Ib=47 (4%

(80-128)  Ib=(1.4)%

Berényi (60Be06) (No uncertainty given)
1573 keV 1b<0.5%

475keV  1b=554% lIgft=6.1
273keV  Ib=44.6% lgft=53

b- gcircular polarization asymmetry coefficients

Behrens (70BeZx) recommends :
For 466b- 1099g: A=-0.164 (7)
For 273b- 1292g: A=-0.15 (2)

131
LNHB/M. M. Bé, V. Chisté Jan. 2002



Commentson evaluation

2.2 Gammatransitions and internal conversion coefficients

1291 keV transition

SFe

Assuming a pure E2 transition, the theoretical ICC (from Band’s tables) ar = 1.22 10 is consistent with the
experimental one from Metzger (52Me53) ar = 1.35 (6) 10™.

Other measurements :

Metzger (52Me53), ax = 1.19 (6) 10™
Hinman (53Hi02), ar = 1.06 (16) 10™

Collin (64Co34), ar = 1.07 (8) 10*

K.S.Krane €t al. (1976Kr10) suggests a M3/E2 mixture of d= - 0.033 (30), that does not change the ICC

value significantly.

1099 keV transition

Assuming a pure E2 transition, the theoretical ICC (from Band’s tables) at = 1.75 10 is consistent with the
experimental one from Metzger (52Me53) ar = 1.87 (7) 10™.

Other measurements :

Metzger(52Me53), ax = 1.35 (6) 10
Hinman(53Hi02), ar = 1.84 (27) 10
Collin(64Co34), ar = 1.36 (10) 10"

334 keV transition E2/M1

-4

-4

The measured values of the mixing ratio are the following :

Author Delta

Pancholi - 0.12 (6)

Eriksson - 0.12(4)

Arens +0.05+0.03-0.070r - 1.8+0.4-0.6
Adopted value - 0.12(6)

ICC (Band) 0.002 (1

142 keV transition E2/M1

The measured values of the mixing ratio are the following :

LNHB/M. M. Bé, V. Chisté

Author Delta
Pancholi - 0.15(6) <d<0.026
Eriksson - 0.006 (12)
Arens 0.028 +0.009—-0.014 or - 1.78+0.15-0.20
Adopted value (from Krane 1977Kr13) - 0.008 (7)
ICC (Band) 0.0160 (2)
132

Jan. 2002



Comments on evaluation SFe

192 keV transition E2/M1

The measured values of the mixing ratio are the following :

Author Delta

Pancholi - 0.22 (2)

Eriksson 0.21 (2)

Arens - 021 (2) or d> 14
Bajaj 0.22 (2)

Collin - 0.296 (23)
Adopted value 0.21 (1)

ICC (Band) 0.00899 (15)

Gamma emissions

Gamma emission energies

The gamma emission energy of the following lines are from Helmer (2000He14) :
142.651 £ 0.002

192.349 £ 0.005

1099.245 = 0.003

1291.590 = 0.006

Others are from Pancholi.

Gamma emission intensities

Eight published papers describe measurements of the gamma emission intensities, all the values are given in
absolute values.

Heath et al. do not give uncertainty, therefore these values are omitted.

The results given by Béraud et al. are with uncertainties of the order of 10%, they are not omitted but their
relative weight is generally weak, as well as those of the values given by Mukerji et al.

J.Legrand et al. (70Le03), carried out b- g coincidences measurements and deduce d Ig absolute values,
assuming that the b branching to the ground state is 0.3%. The uncertainty adopted by Legrand is the sum of
the statistical uncertainty assessed at 3S and the systematic uncertainty at 1S; consequently, the standard
deviation cannot be obtained dividing the original uncertainty by 3 and we divided the given uncertainties
by 2 only.

Pancholi et al. (73Pal8), measured the relative values and normalized them such as I( 1099 + 1292 + 1481)
=99.7 %, assuming Ib(gs) = 0.3%.

Miyahara et al.(1989Mi07), carried out activity measurements and deduced absolute values. This paper is
the most recent one and gives the most precise values which contribute more than 50% in the adopted result
for the two intense lines : 1099 and 1291 keV.

The following table summarizes all the values taken into account and the adopted results.

These different set of data are consistent, except for the original set of seven data for the 335 keV line where
two values are outliers and are omitted (o). The adopted values are the weighted means.
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keV 142 192 335 381

Mukerji 1.1£0.16 33+0.3 0.27+0.03

Legrand 0.98+ 0.02 2.95+0.04 0.24+ 0.02 0.023 + 0.002

Béraud 0.79+ 0.8 2.50+0.25 0.25+0.05 0.022+ 0.005

Collin 0.8+0.2 2803 0703 ©

Miyahara 0.955+ 0.030 2.851+0.048 0.262+0.016

Ferguson 0.85+0.15 2.4+ 0.4 0.34+0.07 ©

Pancholi 1.02+ 0.04 3.08+0.1 0.27+0.01 0.018+ 0.003

c**2/N-1(critical) | 1.5 (2.8) 1.9 (2.8) 0.5 0.97

Adopted value 0.972+ 0.015 2.918+ 0.029 0.264+ 0.007 0.0215 + 0.0016
keV 1099 1291 1481

Mukerji 57.5%3 424+23 0.052 % 0.006

Legrand 55.5+0.8 44.1%0.6 0.09+0.01

Béraud 56.2£5.6 435+43 0.056+ 0.012

Collin 56.5+ 1.5 432+15

Miyahara 56.68+ 0.22 42.99+ 0.30

Ferguson 56+ 3 44+ 3

Pancholi 56.5+ 1.5 432+ 1.1 0.059+ 0.006

c**2/N-1(critical) | 0.4 0.5 3.6 (3.8)

Adopted value 56.59+ 0.21 43.21+0.25 0.0603+ 0.0037

Angular correlation coefficients

Several authors determined the angular correlation coefficients. Some of them are summarized here as a

matter of interest.

1929-1099q, 3/22(M1+E2)3/2°(E2)7/2" :

Author NSR A2 uc A4

Heath 60He06 0.024 |0.005

Rao 70Ra00 0.028 [0.003 0.008 0.007

Arens 71Ar07 0.008 |0.007

Bajaj 72Ba** 0.008 |0.004 0.004 0.008

Eriksson 73Erl1 0.011 0.004 - 0.003 |0.004
335g-1099¢, /2 (M1+E2)3/2 (E2)7/2 :

Author A2 uc A4 uc

Rao - 0.043 0.003 - 0.004 |0.003

Arens - 0.064 0.011 - 0.008 ]0.025

Eriksson - 0.040 0.010 - 0.006 |0.0006

Bajaj - 0.099 0.012

LNHB/M. M. Bé, V. Chisté
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143g-1292q, /2 (M1+E2)3/2 (E2)7/2 :

Author A2 uc A4 uc
Heath - 0.069 0.005

Rao - 0.065 0.004 | - 0.006 |0.005
Arens - 0.065 0.004

Bajaj - 0.070 0.005 |0.014 0.015
Subrahmanyam - 0.09 0.01

Eriksson - 0.070 0.003

Conversion €lectrons

Conversion electron intensities were calculated from the gamma transition probabilities and the internal
conversion coefficients.

Hinman(53Hi02) gives the ratio of the number of conversion electrons from the 1099 keV transition to the
number of conversion electrons from the 1291 keV transition, to be equal to 1.91 (9).

There is a good agreement with the ratio (1.87) obtained from the calculated values in this evaluation.
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*Ni - Comments on evaluation of decay data
M. Galan

1) Decay Scheme

5*Ni disintegrates mainly by electron capture (2™ forbidden non-unique) to the ground state of **Co.
*%Co ground state has J, = 7/2° (2002BA42).

2) Nuclear Data

The Q value is from new values of 2009AuZZ: Q.=1072,76 (19) keV. Other: 1075,1 (13) keV
(1976BE02).

Only one direct measurement has been performed for the **Ni half-life. The value of 7,6 (0,5) x 10* years
given by 1981Ni08 from two samples by absolute activity measurement has been adopted as the
recommended value.

Some other indirect measurements from nuclear reactions have been performed.

The measured *°Ni half-life values, in years, are:

Reference? ValueA(a) Procedure Comments
(x107)
Corrected 1994Ru19 result with
2008WAZW 9,7 (0,7 %Ni(n,2n)>*Ni reaction newest Germa and K, yield. E(n) =
17-19 MeV
1994RU19 10,8 (1,3) “Ni(ny)™Ni and E(n) = 14.8 MeV
A >*Fe(n,y)*Fe reactions '
Authors used ¢ = 104 (25) mbarn
1991NO08 29 (10) %Ni(n,2n)>*Ni reaction measured by 1988B0O31 (very poor
statistics)
1981NI108 7,6 (0,5) Absolute activity Recommended value
measurement
N 50p ;s . E(n)= thermal. T, was not the
1956SA32 10,0 (2,5) Ni(n,y)>*Ni reaction purpose of the work
58 - 50y |- E(n)= thermal. Data used for these
1951BRO5 7.5 (13) Ni(n,y)”Ni and reactions o = 4.2 and & = 34.5

59 60 H
Co(n,y)™Co reactions respectively

1951W114 75 *®Ni(n,y)*°Ni reaction No uncertainty given

®Evaluator used the NSR (Nuclear Science References, Brookhaven Lab.) keynumbers.

The only absolute activity measurement has been performed by 1981NI08. This value was deduced from
2 samples prepared by means of the reaction *Co(p,n)**Ni, purified by ion-exchange columns in order to
remove **Co activity. 6,93 keV Co K, X-rays were measured by a Xe filled proportional counter. The
value of 7,6 (5) x10* years estimated by 1981NI08 has been adopted as the recommended value as it
comes from a direct measurement.

The five other measurements were all made in a very similar way. After neutron irradiation **Ni atoms are
counted by mass spectrometry. Purification is performed to avoid iron or cobalt impurities. The induced
activity in the samples has been counted via the Co K X-ray after the **Ni K capture.

CIEMAT/M. Galan 137 March 2010



. 59 -
Comments on evaluation Ni

2008WAZW corrected the half-life result given by 1994RU19 using the recently published thermal cross-
section of *®Ni (2004RA23) of 4,13 (5) barns instead of the old value of 4,6 (3) barns from 1981MUZQ.
The **Ni half-life is reduced about 10 % but still higher than the recommended value. 2008WAZW
analyzed the contribution to the uncertainty of the *Ni half-life mainly from the uncertainties in the cross-
sections.

1991NO08 used the cross-section of ®Ni(n,2n) measured by 1988B030 but this value was obtained with
very poor statistics (as mentioned by authors of 1991NOQ08).

The oldest value (with uncertainty) given by 1951BR05 was estimated using thermal-neutron cross-
sections for *®Ni(n,y) and **Co(n,y) of 4,17 and 34,5 barns respectively.

If a statistical analysis is made for the five indirect measurements, the Lweight code rejects 1991NOO08
datum based on Chauvenet’s criterion. For the other four values, the weighted mean with external
uncertainty is 9,5 (6) x10” years.

Due to the high discrepancy of the results depending on the technique used, new experimental direct
measurements are needed.

2.1) Electron Capture and Positron Transitions

Experimental B*/K ratios are reported in Table 2 and compared with theoretical estimations:

Reference B/IK B'/EC
experimental theoretical experimental | theoretical
1991JA02 4,2 (13) x10”
1976Be02 1,5 x10”
Theory -5 5
(Logft Code) 1,75 x10 1,55x10

The LOGFT program (theory) was used with the recent published Q value from 2009AuZZ.
For a 2™ forbidden ¢ the Logft code gives a theoretical value of Pg+ (1072,76) = 0,001 55 (4) % and
P. (1072,76) = 99,998 44 (4) %with a logft of 11,89 (3). Notice that the theoretical B*/e branching is in

complete disagreement with the experimental results of 1,5 x 107 (1976Be02) and 4,2 (13) x 107
(1991Ja02). The reason for this discrepancy remains unknown.

The EC-Capture program gives: Px= 0,8870 (16), P, = 0,0966 (13), Py= 0,0156 (5), Pn= 0,0008 (2)

From the experimental value B*/K = 4,2 (13) x 10" and assuming K/EC = 0,8870 (16) then we have
B*/EC =3,7 (12) x 107

And from B* + EC = 100 we obtain:

Pg. = 3,7 (12) x 10° %
Pe = 99,999 96 (1) %

Which are the adopted values.
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3) Atomic Data

3.1) Atomic values (wk, @_and ng.) are from 1996SCO06.
3.1.1) X-Radiations, 3.1.2) Auger electrons

The X-ray and Auger electron emission probabilities have been estimated by using the computer code
EMISSION. Results were verified with the RADLST computer code.

Good agreement has been found between the total decay energy of 1072,56 (19) keV computed for this
decay scheme by RADLST code and the Q value of 1072,76 (19) keV.

4) Gamma emissions

The annihilation radiation emission probability (I,s11) is computed as 2 x Pg., without the correction factor
for the annihilation-in-flight process in the medium, that is 1,51,= 7,4 (24) x 10° %.
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Rugel, H. Vonach, Proc. Int. Conf. on Nuclear Data for Science and Technology, vol. 2,
April 22-27, 2007, Nice (France)

[Tl/Z]

G.Audi, W. Meng, D. Lunney, B.Pfeiffer. Priv. Comm. (2009)

[Q value]
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%Co - Comments on evaluation of decay data
by R. G. Helmer

This evaluation was originally completed in September 1996 with minor editing in February 1997 and post-
review editing in January 2006 ; the literature available by January 2006 was included by M.-M.Bé (LNE-
CEA/LNHB).

1 Decay scheme

In addition to the levels reported in this decay, there are levels in 6°Ni below the decay energy at 2284 keV
(0+) and 2626 (3+). However, based on the limits on the b- branches to these levels (see sect. 2.1), this

scheme is considered complete. The scheme is internally consistent since the total decay energy computed
from the decay scheme is 2823.0 (5) keV compared to the Q value of 2823.07 (21) keV.

2 Nuclear Data

Q value is from Audi et al. (2003Au03).

The half-life values available, in days, are listed. If the value was published in years, it is shown here in years
and also converted to days (365.242 days/year).

Years Days Uc Remarks
As quoted in 1963Go03 - CQutlier

1940Li 01 53+0,7 1936 256 (CHvV)

1949Se20 5 08 + 0,08 1855 29 As quoted in %2925003 - Qutlier
1950Br 76 5,26 + 0,17 1921 62

1951Si 25 5,25 + 0,02 1917,5 7,3 As quoted in 1963Go03
1951To025 5,27 + 0,07 1925 26 As quoted in 1963Go03
1953Ka21 5,21 + 0,04 1903 15 Qutlier (CHVY)
1953L009 4,95 + 0,04 1808 15 Oritted from anal ysis
1957Ge07 5,24 + 0,03 1914 11

1958Ke 26 533 + 0,04 1947 15 As quoted in %gﬂg?nO? - Qutlier
1963Go03 5,263 + 0,003 1922, 3 11

1965An07 5,242 + 0,008 1914, 6 2,9

1968Lal10 5,270 + 0, 007 1924, 8 2,6

1970Wa19 5,2719 + 0,0011 1925,5 0,4 Repl aced by 1983WA26
1973Ha60 5,24 + 0,21 1914 77

1977Va30 5,283 + 0,003 1929, 6 1,1

1980H017 1925, 2 0,4

1982HoZJ 5,282 + 0, 007 1929, 2 2,6 Repl aced by 1992Un01
1982RyzZX 1924, 8 1,0

1982RyzZX 1925,5 0,3 Oritted — unpublished result
1983Ru04 1925, 02 0, 47

1983Wa26 1925,5 0,4

1992uUn01 1925, 12 0, 46 Repl aced by 2002Un02
2002Un02 1925, 20 0,25

Adopted 5,2710 + 0,0008 1925,21 0,29
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One input value (1949Se20) is outlier by 3 sigma, three others are outlier due to Chauvenet criterion
(1940Li01, 1953Ka21, 1958Ke26).

For the remaining 14 values, the critical c2 is 2.1 ; the reduced c2 is 3 ; no value contributes over 50 % of
the relative weight. The weighted average is 1925.21 with an internal uncertainty of 0.17 and an external
uncertainty of 0.29.

2.1 b Transitions

In addition to the main decay to the J’ = 4+ level at 2505 keV, there is the possibility of b- decay from the 5+
parent to the 0+ levels at 0 and 2284 keV, the 2+ levels at 1332 and 2158 keV, and the 3+ level at 2626 keV.

The b- decay to the 0+ levels at 0 and 2284 keV are unique 4t forbidden with expected log ft values
(1973Ra10)> 23 and corresponding P, < 1~ 10™% and < 1 = 10™%%, respectively. The decay to the 3+
level at 2626 is 2nd forbidden with an expected log ft > 11 and a corresponding Pp- < 0.01%. This level
decays mainly by gs of 467 and 1293 keV; the P4467) has been reported as <0.00023% (1976Cal8) and
<0.0004% (1969Va20), which indicates Py.(2626) < 0.001%.

The b- decay to the 1332 level is unique 2nd forbidden with an expected log ft 3 12.8 and a corresponding
Ppo- £ 12%. The measured values are (in %): 0.15 (1) (1954Ke04), 0.010 (2) (56W009), 0.12 (61Ca05), and
0.08 (2) (1968Ha03). The average of 0.12% (3) is adopted.

The decay to the 2158-keV level is unique 2nd forbidden with an expected log ft 3 12.8 and a corresponding
Po- £ 0.02%. This branch is given as 0.000% (2) from 1969Ra23. (Value is given as 0.18% (3) in
1968Ha03, but this is apparently from a misinterpretation of the g-ray spectrum.)

The decay to the 2505-keV level is then 100.0 - Py,. (1332) - P,,.(2158) = 0.12(3) - 0.000(2) = 99.88(3)%.

The b- energies and log ft values are from the program LOGFT.

2.2 Gamma Transitions

The multipolarities are from the adopted g data in the Nuclear Data Sheets (1993Ki10).

The total and K-shell internal-conversion coefficients, a and a, for the 1173- and 1332-keV grays are from
the evaluation of the experimental measurements (1985HaZA) and the remaining values were interpolated
from the Band tables (2002Ba85).

The internal-pair-formation coefficients were interpolated from the theoretical values of 1979Sc31 and are
ap(1173) = 0.000 006 2 (7) and a,(1332) = 0.000 034 (4). The former is negligible since it is only about 5%
of the corresponding a, but the latter is about 25% of the a, so it needs to be taken into account.

3 Atomic Data (Ni, Z=28)

The data are from Schonfeld and JanRen (1996Sc06).

3.1 and 3.2 X Radiation and Auger Electrons

The data were computed by RADLIST with the Schonfeld atomic data.
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4 Radiation Emission

4.1 Electron Emission

Data were computed by the program RADLIST.

4.2 Photon Emissions

The gray energies are from 2000He14 for the 1173-keV and 1332-keV lines and the others are deduced

from the level energies resulting from a fit to the g-ray energies. Besides the 1173 and 1332 values, the input
to this fit included:

346.93 (7) from 1976Cal8 where the authors average their result and that of 1969Va20;
other: 346.95 (10) (1969Va20);
826.06 (3) from 9Co(p,g)s°Ni (1975Er05); others: 826.18 (20) (1969Va20) and 826.28 (9) (1976Ca18,
but includes value of 1969Va20);
2158.57 (10) from %°Co(p,g) (1975Er05); others: 2158.8 (4) (1970Di01) from 60Co decay and 2158.9
(2) (1969Ra07) and 2159.6 (8) (1969H022) from 6°Cu decay.

For the relative g-ray emission probabilities, the following data were used.

Relative g-ray emission probability

g energy 347 467 826 117371332 2158 2505
(keV) =

Reference

1949F1 100 <2 .5x10-5
1955Wo044 | <0.005 100 0.0012 (2)

1959Mo 100 -4x10-5
1968Ha03 0.19 (2) 100

1969Ra23 <0.02 100 <0.002

1969Va20 |0.0078 (12) <0.0004 | 0.0055(47) 100

1970Di01 |<0.006 <0.04 100 0.0092 (16) |<4x10-5
1972Lel4 0.003 (2) 100 0.0005 (2)

1973Ful5 100 0.0020 (13) [9(7) 106
1976Cal8 |0.00758 (50) | <0.00023 | 0.00762(80) 100.0 0.00111 (18)

1977HaxC 100 <0.001
1977Lo01 |0.0069 (10) <0.0012 100

1978Fa03 100 <1.0x10-5
1978Fu05 100 2.0(4)x10-6
1988Se09 100 5.2(20)10-6
Adopted 0.0075 (4) 0.0076 (8) 100 0.0012 (2) |2.0(4)10-¢

These relative emission probabilities were normalized by requiring that the total b- emission probability is

100%. For the 1332-keV gray, this means :

P4(1332) = {100.00 - P42158) " [1+a(2158)] - P{2505) " [1+a(2505)]} / [1.00+a(1332)+a,(1332)]
= [100.00 - 0.0012(2) - 0.0000020(4)] / [1.000 + 0.000128(5) + 0.000034(4)]
= 99.9988(2) / 1.000162(6) = 99.9826(6)%.

In the evaluation 1991BaZs, this value is computed in the same fashion, but is given as 99.983 (6)% ; the
origin of the larger uncertainty is not clear. Similarly, for the 1173-keV gray, this means :

Py(1173) = {P,-(2505) - P((347) ~ [1+a(347)] - P(2505) ~ [1+a(2505)]} 7 [1.00+a(1173)+ap(1173)]
= [99.88(3) - 0.0075(4) - 0.0000020(4)] 7/ [1.000 + 0.000168(4) + 0.0000062(7)]
=99.87(3) /7 1.000174(4) = 99.85(3) %.
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Ni - Comments on the Evaluation of Decay Data
by K. B. Lee

This evaluation was completed in August 2005.
1. Decay Scheme

Ni disintegrates by b” emission (100%) to the ground state of the stable nuclide **Cu.
2. Nuclear Data

The Q value (66.980 (15) keV) is from the measured value of Holzschuh (1999H009). This
value is in agreement with 66.975 (15) keV from the atomic mass table of Audi et al. (2003Au03).

The measured ®Ni half-life values are given below.

Reference Values (years) Comments
Brosi (1951Br) 85 (20) Omitted from analysis
Wilson (1950Wi) 61 Omitted from analysis
McMullen (1956Mc) 125 (6) Omitted from analysis
Horrocks (1962H0) 93.9 (20) Revised by Collé (1996C025)
Barnes (1971Ba89) 101.21 (20) Revised by Collé (1996C025)
Collé (1996C025) 101.06 (197)

The first three older and less precise historical values were omitted from the analysis. The
Horrocks (1962Ho) and Barnes (1971Ba89) values were revised by Collé (1996Co25) using more
accurate nuclear data and thereby more rigorously calculated liquid scintillator detection efficiencies.
The weighted average for the last three values is 98.7 years; with an internal uncertainty of 1.1 years;

an external uncertainty of 2.4 years and a reduced-c? of 4.38.
The evaluator’s recommended value is the weighted average : 98.7 (24) years.

2.1 b” Transitions

The evaluator has calculated (using the LOGFT program) a log ft of 6.7 for this allowed
transition.

The various measured b” end-point energy values (or Q-values) are summarized below.

Reference Values (keV) Comments

Preiss (1957Pr) 67.0 (5) Omitted

Hsue (1966Hs01) 65.87 (15) Omitted

Hetherington (1987Hel4) 66.946 (20) Omitted

Kawakami (1992Ka29) 66.9451 (39) Omitted

Ohshima (19930h2) 66.9459 (54) Omitted

Ohshima (19930h2) 66.9433 (126) Omitted
Holzschuh (1999H009) 66.980 (15) Adopted value
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Uncertainties given in 19930h2 include systematic values combined in quadrature with
statistical uncertainties.

Holzschuh et al. (1990H009) pointed out that in the previous measurements of end-point
energies the excitation of atomic electrons was not taken into account. That means that all the other
values are biased by an amount of the order of the mean electron excitation energy (85 eV).
Therefore the evaluator has recommended the value given in 1990H009. Besides, a second end-
point energy given in 19930h2 was obtained under the assumption of the existence of a 17 keV
neutrino.

3. Atomic Data

The fluorescence yield is from the compilation of 1996Sc33.

4. Radiations

The mean energy of beta particles has been computed as 17.434 (4) keV using the LOGFT
program.

4. Main Production Modes
®2Ni(n,g)
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%Cu - Comments on evaluation of decay data
by M.M. Bé and R.G. Helmer

This evaluation was completed in September 2010. To compare with the previous evaluation of R.G. Helmer
in 2002, it includes several results published since this date (2002We02, 2007Qa02, 2010Wanke) and others
obtained in the context of an Euramet exercise (2010 Bé).

Several procedures can be followed to determine the decay scheme of ®Cu. In this evaluation we tried to
introduce results coming from methods other than ionizing radiation measurements, in order to minimize the
inherent correlation of the results.

1 Decay Scheme

The only levels in *Zn and *Ni below the decay energies are those populated in this decay, so the
decay scheme is complete.

The J" values and half-lives for the excited levels are from Adopted Levels in Nuclear Data Sheets
(2007Si04).

2 Nuclear Data
Q values from 2003Au03 are 579.4 (7) keV for B decay and 1675.03 (20) keV for ef*decay.

The change in the half-life as a function of the chemical form or electron environment has been
studied by several authors. These results are tallied after those used for the half-live evaluation.

The results of half-life measurements are listed below, in hours.

Not included in the evaluation
Tap Ue

(1935AmM01) 10 omitted, no uncertainty
(1937He05) 125 omitted, no uncertainty
(1944Hu05) 11.9 1 omitted, same data as 1943Hu03
(1957Wr37) 12.87 0.05 |superseded by 1972Em01
(1965He08) 13.9 omitted, no uncertainty
(1967Vi08) 12.8 omitted, no uncertainty
(1972WyZ2) 12.72 0.04 |superseded by 1972Em01

The half-life values considered are, in hours:

Tie Uc
(1936Va02) 12.8 0.1
(1938Ri ) 12.8 0.3 as cited in 1968Ke12
(1939Sa02) 12.8 0.3 as cited in 1968Ke12
(1943Hu03) 11.9 1
(1950Ra62) 12.8 0.04 | as cited in 1968Kel12
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T2 Uc

(1951Sc56) 12.74 0.07

(1951Si91) 12.88 0.03

(1955T007) 12.80 0.03 | as cited in 1968Kel2
Rudstam 12.90 0.06 | as cited in 1968Kel12
(1959P064) 12.85 0.05

(1965Pa18) 12.86 0.03

(1966Ful4) 12.70 0.03

(1966L.i09) 12.86 0.03

*(1968He20) 12.701 0.011 | ascited in 1973De56
(1968Kel2) 12.80 0.04

(1969Bo11) 12.65 0.17

*(1972EmO01) 12.715 0.007

*(1972MeZM) 12.701 0.007 | as cited in 1996Si12
(1973ArZI) 12.6 1

*(1973De56) 12.699 0.002

(1973Ne02) 12.82 0.04

*(1974Ry01) 12.704 | 0.006

*(1980RuUZY, 1982RuZV) 12.701 0.003

*(1989Ab22) 12.700 0.003

*(2010Wanke) 12.705 0.005

*(2010Bé - IFIN) 12.696 0.012

The set of 25 unsuperseded values with uncertainties is inconsistent. The unweighted average is
12.76 (2) hours and the weighted average is 12.7025 with an internal uncertainty of 0.0013, a reduced-y? of
6.3, and an external uncertainty of 0.003. It has been suggested that many of the older measurements give
longer half-lives due to the presence of unidentified impurities. The value of 12.699 (2) used here for
1973De56 is the simple mean of their 22 measured values. The input value of 12.715 (7) is the evaluator's
weighted average of the three values given in the paper of 1972EmO01. The uncertainty given by 1989Ab22
has been increased to 0.003 to include systematic uncertainty components, but due to the very brief
description of the process given in this paper, it is very difficult to assess them.

From the original set of 25 values, the most accurate ones (*) with uncertainties less than 0.012 hour
have been accepted for statistical processing. In this set of nine values (1968He20, 1972Em01, 1972MeZM,
1973De56, 1974Ry01, 1980RuZY, 1989Ab22, 2010Wanke and 2010Bé - IFIN), the value of 1972EmO01 was
found outlier by the Chauvenet’s criterion.

The adopted half-life is then the weighted average of the 8 remaining values. This average is 12.7003
with an internal uncertainty of 0.0013; an external uncertainty of 0.0007 and a reduced-y? of 0.3.

As noted below, changes in this half-life of the order of 1 part in 10* have been reported depending on
the chemical form. Since these changes are comparable to the calculated uncertainty, the adopted uncertainty
has been increased to 0.0020.

This half-life has been measured, and reported, many times primarily to identify the radionuclide
observed, for example, in the process of cross section measurements. Some of these values, which are not
included above are: 13 (1948Mi12); 12.8 (1950H026); and 13.8 (14), 13.6 (7), and 12.4 (17) (1972Cr02).

Since *Cu decays, in part, by electron capture, there have been several measurements of the variation
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in the decay constant with the chemical form or atomic environment. The results from 1968 to 1975 are tallied
in 1976Ha66 and given in the following table.

Reference Forms compared AMA-10°
and first author
1972Au Cu phtalocyanine in two forms 10.0 (16)
Auric
1972Em01 Cu metal Cu(NO3), 15 (15)
Emery
1973Ha60 Cu metal CuO 0(3)
Harbottle
1973De56 Cu phtalocyanine in two forms 0.4 (20)
Dema
1974Je Cu metal Cu(H,0)sS0, 0.12 (9)
Jenschke Cu metal Cu(H20)4(NO3), 0.81(10)
Cu metal Cu(2) 2.94
Cu metal Cu(3) 1.86
1974Jo17 Cu phtalocyanine in two forms 1.4 (23)
Johnson Cu phtalocyanine in two forms 3.7 (58)
Cu metal CuO 0.0 (23)
1975MaXN Cu metal Cu,S 2.3 (10)
Cu metal CulnS; 1.5(10)
Cu metal Cu,SnS; 1.5(10)
CulnS, Cu,SnS; 0(1)
1979Eh01 Cu metal atom % Cu in Ag
Ehrhart 2 1.7 (3)
5 1.6 (4)
25 0.9 (4)
50 0.7 (5)
75 0.2 (4
1979Ko31 Cu metal atom % Cu in Au
Koran 2 3.1(4)
5 3.0(4)
25 1.4 (4)
50 0.7 (5)
75 -0.2 (9)

The earliest measurements gave larger values of AA/A, but the values beginning in 1973 range from 0 to
0.000 37 (6). These values are similar in magnitude to the uncertainty of 1.5 parts in 10* assigned to the
adopted value. A set of measurements is also given in 1968Ke12, but the units of the results are not clear.

No dependence of the half-life with the temperature has been observed (2008Fal2).

2.1 B, p* and Electron Capture Transitions

The probabilities of the B, B* and € branches were determined by a series of separate, but partially
correlated, measurements by 1983Ch47, 1986Ka03 and 2007Qa02. These measurements included the B
spectrum, B* spectrum, 4xB-y coincidences, liquid scintillation counting, and X- , y- ray spectrum. Then, in
1983Ch47 their analysis contained a least-squares fit to the various measured quantities and ratios of
quantities, taking the covariances into account.

Another kind of investigation made by mass spectrometry measurements of the number of atoms of
*Ni and **Zn produced in the decay of a *‘Cu sample (2002We02) led to the determination of the Pg.
branching ratio.
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e B Transition

The published measured probabilities of the B transition are:

References Pg. (%) uc (%) Comments
1983Ch47 39.04 0.33 4nB(LS)—y coincidence counting
1986Ka03 38.34 0.56 deduced

2002We02 38.06 0.3 Mass spectrometry

2007Qa02 38.4 1.2 2n PC — anti coincidence counting
¥ In — crit ° 1.6 3.8

UWM 38.46 0.21

WM 38.48 0.26 Adopted

From Py = 38.48 (26) %, then P(;" +ec) = 61.52 (26) %.

. [i+ Transition

Two methods are possible to derive the P(;") value:

> From published measured probabilities of the f transition:

64Cu

References Ps+ (%0) uc (%) Comments
1983Ch47 17.86 0.14 Ge(Li) spectrometry
1986Ka03 17.93 0.20 HPGe y spectrometry
2007Qa02 17.8 0.4 y-y coincidence counting
2010Wanke 17.56 0.16 HPGe vy spectrometry
2010Bé - CMI 17.69 0.19 HPGe vy spectrometry
2010Bé - LNHB 17.55 0.15 HPGe y spectrometry
2010Bé — IFIN 17.65 0.60 HPGe vy spectrometry
2 In — crit 0.7 2.8

UWM 17.72 0.06

WM 17.71 0.07

> From theoretical calculations, using the LOGFT program, the ratio Pec/ P(;") is: 2.485 (25),
from the P(;" +ecoo) = 61.05 (26) % below, the P(;") value is derived being P(;") =
17.52 (15) %.

The latter value has been obtained by an independent method and it is less correlated than the

results of direct measurements. Moreover, it can be noted that the weighted mean of the four

2010 values, listed in the above table, of 17.59 (9) is very close to 17.52 (15). Thus,

P(s") = 17.52 (15) % has been adopted in this evaluation.

e Electron Capture Transitions

The adopted Pec Value is deduced:

From Pyuass = 0.4744 (33) % (§ 2.4), then Peg = 0.4744 (33) %,

and with P(;" +ec) = 61.52 (26) %, P(3" +€co) = 61.05 (26)%.

LNHB, INEEL/M.M. Bé, R.G. Helmer
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From the two values of P(B+) as determined above two P can be derived:
> With P(;") = 17.71 (7), P(ecop) = 43.34 (27) %,
> With P(;") = 17.52 (15), P(eco,0) = 43.53 (20) %.

These values can be compared with the three experimental results obtained for the total Pe.
(1983Ch47, 1986Ka03, 2007Qa02):

References Total Pe. uc (%) Comments
1983Ch47 43.10 0.46 4nB(LS)—y coincidence counting
1986Ka03 43.73 0.52 4nBy(PC)—y coincidence counting +
HPGe vy spectrometry +
4nB—y coincidence counting
2007Qa02 43.8 1.4 Si(Li) X-ray spectrometry
2 In — crit 2 0.5 4.6
UWM 43.54 0.22 P(ecoo) = 43.07 (33)
WM 43.40 0.33 P(eco,0) =42.93 (33)

The unweighted and the weighted means above are consistent, within the uncertainty limits,
with P(ecop) = 43.34 (27) % calculated from experimental Py, values. This was expected since they were
derived from the same sets of measurements.

The set of two values: P(;" ) = 17.52 (15) % and P(eco,0) = 43.53 (20) % has been adopted in this
evaluation because it was derived from another different method (using theoretical Pec/ P(;") ratio).

The average particle energies to the *Ni and ®Zn ground states are 278.2 (9) and 190.7 (3) keV,
respectively, and are from the LOGFT code. The log ft values to the ®*Ni ground state and level of 1345 keV
are 4.973 (3) and 5.501 (6), respectively, and to the **Zn ground state - 5.302 (3), all of which are consistent
with allowed transitions from the 1" parent state.

2.2 Gamma Transitions

The J* assignments are from the Adopted Levels in the Nuclear Data Sheets (2007Si04) and these
imply the y-ray has E2 multipolarity.

The internal-conversion coefficients (ICC) were interpolated from the tables of Band et al.
(2002Ba85) by using the computer code Bricc (2008Ki07) with the so called “Frozen orbital” approximation.

The internal-pair-formation coefficient was interpolated from the theoretical values and it is
IPFC(1345) = 0.000 039.

From the ICC values and gamma ray emission intensity lgiz45 = 0.4743 (33) % (8§ 4.2), the 1345 keV
gamma transition probability and electron capture probability to the first excited level in *Ni are deduced
being: Pg1345 = PecO,l =0.4744 (33) %.

3 Atomic Data

The data are from 1996Sc06.

4 Radiation Emissions

4.1 Electron Emissions

Auger electron emission intensities are deduced from the evaluated data set.
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4.2 Photon Emissions

64Cu

X-ray emission intensities are deduced from the evaluated data set.

The y-ray energy is 1345.77 (6) keV from 1974HeYW.

The intensity of the 1345 keV gamma ray is deduced from the measured values:

Reference 1345 (%) uc (%) Comments
1983Ch47 0.471 0.011 HPGe y spectrometry
1986Ka03 0.487 0.020 HPGe y spectrometry
2007Qa02 0.54 0.03 HPGe y spectrometry
2010Wanke 0.474 0.005 HPGe y spectrometry
2010Bé - CMI 0.476 0.006 HPGe vy spectrometry
2010Bé - LNHB 0.467 0.011 HPGe y spectrometry
2010Bé- IFIN 0.481 0.017 HPGe y spectrometry

2 In — crit x° 0.24 3
UWM 0.476 0.0029
WM 0.4743 0.0033 Adopted

5 Various comparisons

The following tables summarize values of some ratios measured or deduced in the publications compared
with those derived from the present data set. Both are in agreement within the uncertainty limits.

> Py /Py’ ratio

Reference Py /Pg" uc Remark

1946Br03 2.1

1949B016 2.00 0.15

1983Ch47 2.187 0.007

1986Ka03 2.138 0.032

x° In — crit 3 2.2 6.6
UWM 2.163 0.025 Value deduced from the present adopted data set:
WM 2.185 0.010 2.196 (24)
> Iyl345 / P([}+ ) ratio

Reference lis / P(g") uc Remark

1956Dz26 0.020 7

1952VI103 0.023 0.004 Omitted, outlier

1959Sc71 0.028 0 0.002 4 | Omitted, outlier

1983Ch47 0.026 4 0.000 6

1986Ka03 0.0272 0.001 2

2007Qa02 0.030 3 0.001 8 | Omitted, outlier

2010Wanke 0.026 99 0.000 38

2010Bé - CMI 0.026 91 0.000 45

2010Bé - LNHB 0.026 6 0.000 7

¥’ In = crit y? 0.23 3.3

UWM 0.026 82 0.000 14 | Value deduced from the present adopted data set:
WM 0.026 84 0.000 24 0.027 06 (30)
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6 Main production modes

They are taken from: Table de Radionucléides, F; Lagoutine, N. Coursol, J. Legrand. ISBN 2 7272 0078-1

7 Other earlier publications not used in the evaluation

- H. von Bradt (1946Br03)
PB- / PB+ =21

- R. Bouchez (1949B016)
Py / Pg"=2.00 (15)

- Reynolds (1950Re51)
P(s" +ec)/ Pg = 1.62 (11)
P(eck)! P(5" ) = 2.32 (28)

- Vlaar (1952V103)
Iy1345/ P([}+) =0.023 (4)

- Dzelepov et al. (1956Dz26)
IY1345/ P([}+) =0.0207

- Schmidt-Ott (1959S¢71)
IY1345/ P(5+ ) =0.0280 (24)

8 References

1935Am01 E. Amaldi, O. D'Agostino, E. Fermi, B. Pontecorvo, F. Rasetti, E. Segre, Proc. Roy. Soc.
(London) 149A(1935)522 [Tys]

1936Va02 S. N. Van Voorhis, Phys. Rev. 50(1936)895 [T1:]

1937He05 F. A. Heyn, Physica 4(1937)1224 [Ty;]

1938Ridenour L. N. Ridenour, Phys. Rev. 53(1938)770 [Tys]

1939Sa02 R. Sagane, Phys. Rev. 55(1939)31 [Ty.]

1943Hu03 O. Huber, O. Lienhard, H. Waffler, Helv. Phys. Acta 16(1943)226 [Ts]

1944Hu05 O. Huber, O. Lienhard, H. Waffler, Helv. Phys. Acta 17(1944)195 [Tys]

1946Br03  H. von Bradt et al. Phys. Acta 19(1946) 219 [Py / Ps']

1948Mi12 D. R. Miller, R. C. Thompson, B. B. Cunningham, Phys. Rev. 74(1948)347 [Tyz]

1949B016 R. Bouchez, G. Kayas, J. Phys. Radium 10, série 8 (1949) 110 [Py / Ps']

1950H026 H. H. Hopkins, Phys. Rev. 77(1950)717 [Ty5]

1950Ra62 E. Rabinowicz, Proc. Phys. Soc.(London) 63A(1950)1040 [Ty;]

1950Re51 J.H. Reynolds, Phys. Rev. 79,5 (1950) 789 [P(eck)/ P(5" )]

1951Sc56 R. P. Schuman, A. Camilli, Phys. Rev. 84(1951)158 [Ty,]

1951Si91 L. M. Silver, Can. J. Phys. 29(1951)59 [Ty;]

1952VI03  H.T. Vlaar, Physica 18 (1952) 275 [l,s11 / I,1315]

1955T007 J. Tobailem, J. Phys. Radium 16(1955)48 [Ty:]

153

LNHB, INEEL/M.M. Bé, R.G. Helmer Sept. 2010



. 64
Comments on evaluation Cu

1956Dz26 B.S. Dzelepov et al. Nuovo Cimento 3, Supp. 1, (1956) 49 [I,]

1957Wr37 H. W. Wright, E. I. Wyatt, S. A. Reynolds, W. S. Lyon, T. H. Handley, Nuclear Sci. and Eng.
2(1957)427 [Ty5]

1959Sc71  W-D Schmidt-Ott, Z. Physik 154 (1959) 286 [l,1345/ P(5")]

1959P064 A. Poularikas, R. W. Fink, Phys. Rev. 115(1959)989 [Ty]

1965He08 Z. He-Sung, N. S. Maltseva, V. N. Mekhedov, V. N. Rybakov, Soviet J. Nucl. Phys.
1(1965)132 [Ty5]

1965Pal8 V. A. Paulsen, H. Liskien, Nukleonik 7(1965)117 [Ty]

1966Ful4 K. Fujiwara, O. Sueka, J. Phys. Soc. Japan 21(1966)1947 [Ty;]

1966Li09 H. Liskien, A. Paulsen, Proc. Intern. Conf. Radiat. Meas. Nucl. Power, Berkeley, Engl., D. J.
Littler, Ch., Editorial Panel, Inst. Phys. and the Physical. Society, London, Conf. Series No.2,
(1966) p. 352 [Ty.]

1967Vi08 G. P. Vinitskaya, V. N. Levkovsky, V. V. Sokolsky, 1. V. Kazachevsky, Sov. J. Nucl. Phys.
5(1967)839 [T1s]

1968He20 F. Heinrich, G. Philippin, Helv. Phys. Acta 41(1968)431 [Tys]

1968Kel2 P. Kemény, Rev. Roumaine Phys. 13(1968)901 [Ts]

1969Bol11 M. Bormann, B. Lammers, Nucl. Phys. A130(1969)195 [Ty]

1972Au P. Auric, J. I. Vargas, Chem. Phys. Lett. 15(1972)366 [T/]

1972Cr02 D. F. Crisler, H. B. Eldridge, R. Kunselman, C. S. Zaidins, Phys. Rev. C5(1972)419 [Ty5]

1972EmO01 J. F. Emery, S. A. Reynolds, E. I. Wyatt, G. I. Gleason, Nucl. Sci. Eng. 48(1972)319 [Ty.]

1972MeZM J. S. Merritt, J. G. V. Taylor, AECL-4257(1972) p. 25 [T1s]

1972WyZZ E. |. Wyatt, ORNL-4749(1972) p.61 [Ty-]

1973ArZI  J. Araminowicz, J. Dresler, INR-1464(1973) p.14 [Ty.]

1973De56 I. Dema, G. Harbottle, Radiochem. Radioanal. Lett. 15(1973)261 [Tys]

1973Ha60 G. Harbottle, C. Koehler, R. Withnell, Rev. Sci. Instr. 44(1973)55 [Tys]

1973Ne02 D. A. Newton, S. Sarkar, L. Yaffe, R. B. Moore, J. Inorg. Nucl. Chem. 35(1973) 361 [Ty5]

1974HeYW R. L. Heath, ANCR-1000-2(1974) [E,]

1974Je B. Jenschke, German Phys. Soc., Spring Conf.(1974) [T]

1974Jo17 J. A. Johnson, I. Dema, G. Harbottle, Radiochim. Acta 21(1974)196 [Ty:]

1974Ry01 T. B. Ryves, K. J. Zieba, J. Phys.(London) A7(1974)2318 [T]

1976Ba63 |. M. Band, M. B. Trzhaskovskaya, M. A. Listengarten, Atomic Data Nucl. Data Tables 18
(1976) 433 [a]

1976Ha66 H. P. Hahn, H. J. Born, J. I. Kim, Radiochim. Acta 23(1976)23 [T1.]

1979Sc31 P. Schluter, G. Soff, At. Data Nucl. Data Tables 24 (1979)509 [IPFC]

1980RuZY A.R. Rutledge, L. V. Smith, J. S. Merritt, AECL-6692(1980) [T1/]

1982RuzV A.R. Rutledge, L. V. Smith, J. S. Merritt, NBS-SP-626(1982) p.5 [T15]

1983Ch47 P. Christmas, S. M. Judge, T. B. Ryves, D. Smith, G. Winkler, Nucl. Instr. Meth. 215(1983)397
[Pg., Pp+, Py, Pel

154

LNHB, INEEL/M.M. Bé, R.G. Helmer Sept. 2010



. 64
Comments on evaluation Cu

1986Ka03 Y. Kawada, Intern. J. Appl. Radiat. Isot. 37(1986)7 [Pg., Pg+, Py, P

1989Ab22 A.Abzouzi, M.S.Antony, V.B.Ndocko Ndongue, J. Radioanal. Nucl. Chem. 135 (1989)455
[Tl

1996Sc06 E. Schonfeld, H. JanRBen, Nucl. Instr. Meth. A369 (1996)527 [w]

2002Ba85 1.M.Band, M.B.Trzhaskovskaya. At. Data. Nucl. Data Tables 88,1 (2002). [Theoretical ICC]

2002We02 G. Wermann, D. Alber, W. Pritzkow, G. Riebe, J. Vogl, W. Gdérner. Appl. Rad. Isotopes 56,
1-2 (2002) 145 [%P]

2003Au03 G. Audi, A.H.Wapstra, C.Thibault, Nucl. Phys. A729 (2003)337 [Q]

2007Qa02 S.M. Qaim, T.Bisinger, K.Hilgers, D.Nayak, H.H.Coenen, Radiochim. Acta 95 (2007) 67,
[Pg., Pp+, Py, Pel

2007Si04  B. Singh, Nucl. Data Sheets 108 (2007)197 [J". multipolarities]

2008Fal2 B.A. Fallin et al. Physical Review C78 (2008) 057301 [T1s]

2008Ki07 T. Kibédi, T.W. Burrows, M.B. Trzhaskovskaya, P.M. Davidson, and C.W.Nestor, Jr., Nucl.
Instrum. Methods Phys. Res. A589, 202 (2008) [Theoretical ICC]

2010Wanke C. Wanke, K. Kossert, Ole J. N&hle, O. Ott. Appl. Radiat. Isot. (2010)
doi: 10.1016/j.apradis0.2010.01.005, [Pg., P,]

2010Bé M.M. Bé et al. Euramet Project 1085, full report in preparation

155

LNHB, INEEL/M.M. Bé, R.G. Helmer Sept. 2010






Comments on evaluation Zn

%Zn - Comments on evaluation of decay data
by M.M. Bé, V. Chisté and R. G. Helmer

1 Decay scheme

This evaluation was originally completed in September 1996. New evaluation was completed in January 2005
taking into account results obtained as a part of a specific exercise dedicated to the 65Zn activity and emission
intensity measurements managed by the Euromet organization.

The decay scheme is complete since only two excited levels in 6Cu below the decay energy are populated.
Also, there is excellent agreement between the total decay energy of 1352.1 (19) keV computed from the
evaluated decay scheme and the Q value of 1352.1 (3) keV.

2 Nuclear Data

Q =1352.1 (3) value is from Audi et al. (2003Au03).

The measured 65Zn half-life values, in days, are as follow:

245.0 (8) 1953Tol7

2435 (8) 1957Ge07

246.4 (22) 1957Wr37 outlier

2431 (7) 1965An07 replaced by 1982Ho0ZJ
24412 (12) " replaced by 1982H0ZJ
242.78 (19) " omitted from analysis
243 (4) 1968Ha47

258 (4) 1972Cr02 omitted from analysis
246 (5) " "

251 (6) " "

252 (6) " "

244.0 (2) 1972De24 replaced by 2004Va02
244.52 (7) 1973Vil3 Uncertainty given per 3 s
2443 (4) 1974Cr05

24375 (12)  1975Lal6 replaced by 2003Lu06
2442 (1) 1982Ho0Z) replaced by 1992Un01
243.97 (8) 1982DeY X replaced by 1983Wa26
2439 (3) 1983Wa26 replaced by 2004Sc04
24416 (10)  1992Un01 (or 2002Un02)
24415 (10)  2003Lu06

243.66 (9) 2004Sc04

243.8 (3) 2004Va02

244.01 (9) Adopted

The four values of 1972Cr02 were omitted because they were not intended as Ti/. measurements, but rather

to determine the origin of certain g-rays.

The very small uncertainty, 0.07 (3.3 s), given by 1973Vil13 appears unrealistic when compared to the other
quoted uncertainties at the same period of time, at least this uncertainty value should be increased. Moreover,
this result is far from the mean and the published paper not detailed enough, so this result is omitted from

analysis.

The value of 1957Wr37 was found outlier according to the Chauvenet’s criterion.

LNHB/M.M. Bé, V. Chisté
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As a rule, only one result per laboratory is retained in order to avoid possible correlation.

Then, the weighted average of the remaining eight values is 244.01 with an internal uncertainty of 0.05, an
external uncertainty of 0.09 and, a reduced-c2 of 3.11 (the critical reduced-c? is 2.60), no input value has
more than 50% of the weight. The Lweight program suggested to expand the uncertainty to 0.31 in order to
include the most precise value of 243.66 within its range.

But a small increased of the uncertainty given by 2004Sc04 from 0.09 to 0.11 leads to a reduced-c2 of 2.48
less than the critical one, then the Lweight program recommended the internal uncertainty as final
uncertainty.

With these results in mind, the evaluator has chosen the weighted average and the external uncertainty.

2.1 Electron Capture Transitions

The e branch to the 770-keV level is 2nd forbidden. From the log ft systematics (1973Ral0), the expected log
ft value is > 11.0 and the corresponding I¢(0) is < 0.003%.

The Pk etc. values are computed from the Schonfeld tables (1995ScZY) for allowed transitions.

Level energy (keV) = 0 1115
Pk (S) 0.8853 (16)  0.8794 (17)
PL(S) 0.0977 (15) 0.1027 (16)

The total branching ratios to each level were computed from the measured Ig and adopted theoretical
conversion coefficients.

The total branching (e + b*) to the ground state is 49.77 (11) %. From the 511-keV gamma emission
intensity measurements, the b+ transition probability is deduced as 1.421 (7) % (see § Photon emissions).

The LOGFT program gives the theoretical &/b™ ratio as 34.03 (18). Using the (e + b+) branching to the

ground state as 49.77 (11) % ; the b+ transition probability is then 1.42 (1)%. This value is in good agreement
with the experimental observations.

From the LOGFT program, the theoretical ex/b" ratio is calculated as 29.86. This value can be compared
with the corresponding experimental values of:

28.0(32) 1953Pel4
30.3 (12) 1963Ta04
27.7(15) 1968Ha47

31.3(20) 1977Bo10
30.7 (11)  1984ScZP
30.3 (10)  1990Kull

The measured 1115 g/b” ratio is 35.1 (17) (1968Ha47).

For comparison with the adopted value for the b™ transition probability of 1.421 (7)%, the measured values
are :

|b+ (%)

1959GI55 1.70 (10)
1962Be28 1.2 (3)
1963Ta04  1.40 (4)
1972De24  1.46 (2)
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2.2 Gamma Transitions

The multipolarities are from the adopted gray data (deduced from Coulomb excitation study and angular
correlation data) in the journal Nuclear Data Sheets (1993Bh04).
The internal-conversion coefficients are interpolated from the tables of Band (2002Ba85). Mixing ratio of the
1115-keV transition is from Krane (1976Kr09). The ICC values for this high energy transition is very low so
the influence of the uncertainty for the mixing ratio is negligible.

For the 1115-keV transition, the total and K-shell values of 1.85 (7) © 104 and 1.66 (6) =~ 10-4 respectively,
evaluated by Hansen (1985HaZA) from measured values are in excellent agreement with the theoretical ones.

From the theoretical tables of 1979Sc31, the internal-pair-formation coefficients are ap(1115, M1) = 1.2 ~

106 and ap(1115E2) = 1.6 ~ 106, so ap(1115) =1.3 ~ 106. This value is about 1% of the internal-
conversion coefficient and therefore is negligible.

3 Atomic Data (Cu, Z=29)
Data are from 1996Sc06.

4.1 Electron Emission
The b" intensity to the ground state was deduced from the measured intensity of the 511-keV gamma ray.

4.2 Photon Emissions

The gray energies are from the evaluation of Helmer et al. (2000He14) for the 1115-keV line where the
values are on a scale on which the strong line from the decay of 1%Au is 411.80205 (17); from level energy

differences for the 344-keV line; and from 65Cu Adopted g data in Nuclear Data Sheets (1993Bh04) and
based on data from ¢Ni b decay for 770-keV line.

Photon emission intensities are deduced from the Euromet exercise results (2005Be**) and from other
published values.

Absolute measured intensities of the 1115-keV line

I (1115) (%) | Uc
1959GI55 51.3 3.0
1960Go 46
1963Ta04 50.7 0.5
1966Ra21 51.3 15
1968Ha47 52.4 1.0 Outlier
1972De24 50.75 0.10 Replaced by Euromet participant
1973P010 49.3 0.8
1982DeY X 50.39 0.26 replaced by 1990Sc08
1990Sc08 50.2 0.4 Replaced by Euromet participant
2003Lu06 49.76 0.21 Replaced by Euromet participant
Euromet-01 50.15 0.28
Euromet-02 50.10 0.33
Euromet-03 50.60 0.29
Euromet-04 50.34 0.25
Euromet-05 49.84 0.25
Euromet-06 50.05 0.57
Euromet-07 49.62 0.65
Euromet-08 50.7 0.5
Euromet-09 50.3 0.5
Adopted 50.22 0.11
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6SZn

The first part of the above Table lists the results published in various journals and the second part lists the
values obtained as a part of the Euromet exercise (2005Be*).

The value from 1968Ha47 is omitted as outlier due to application of the Chauvenet’s criterion. The results
from 1972De24, 1990Sc08 and 2003Lu06 have been superseded by the results obtained by laboratories
which have participated in the present Euromet exercise.

The LRSW analysis of the remaining 13 values gives a reduced c2 of 0.77 so the weighted mean of 50.22
and the internal uncertainty of 0.11, are adopted as final result.

344- and 770-keV Relative gray emission intensities :

grray energy (keV) 1(344) 1(770) 1(1115)
1960Ri06 £05 £1 100
1968St05 0.0060 (6) 100
Euromet-02 0.005067 (365) 0.005358 (439) 100
Euromet-09 0.00220 (86) 0.003 (17) 100
Adopted relative 0.005067 (365) 0.005358 (439) 100
Adopted absolute 0.00254 (18) 0.00269 (22) 50.22 (11)

The adopted relative values are those given by the participant 2 in the Euromet exercise. This participant
activated Zinc (99.99 %) foil by thermal neutrons and obtained a Zn-65 activity of the order of 10 MBq, so
he had a better counting statistic and then a better uncertainty.

511-keV photon emission

This particular emission is due to the annihilation of the b+ positrons in the source and in the surrounding

material (annihilation-in-flight). In g-ray spectrometry, this phenomenon has the effect of removing, from the
511-keV peak, a fraction of the annihilation photons, the magnitude of this effect depends on the material in

which the b+ are stopped and then must be calculated by each experimentalist.

Correction for
reference Intensity (%) Uc annihilation, in %
1990Sc08 2.84* 0.04 0.5

Euromet-01 281* 0.03 0.2
Euromet-02 2.841* 0.027 Wider peak region
Euromet-03 2.75 0.017

Euromet-04 3.00 0.018

Euromet-05 2.848 * 0.020 0.34
Euromet-07 2.86 0.04

Euromet-09 2.88 * 0.04 05

(*) taking annihilation-in-flight into account, magnitude given in the last column.

Reference 1990Sc08 is superseded by one of the Euromet participant. The weighted mean and standard
uncertainty of the four values taking annihilation-in-flight into account, are : 2.842 £ 0.013 %.

The emission of additional 511-keV photons created by electron-positron pair creation is negligible (see 8§
Gamma transitions).
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X-ray emissions and Auger electron emissions

From the gamma-ray emission intensities, the internal conversion coefficients, the electron capture
probabilities and electron capture sub shell probabilities, the X-ray and Auger electron emission intensities
have been deduced.

Calculated K X-ray are compared with the measured values in the following table.

Ka Kb KX

Reference Intensity | Uc [ Intensity Uc Total Uc
1963Tal9 40.0 0.6
1968Ha47 39.27 0.26
1968Ba** 38.66 0.17
1973Mu** 38.0 1.0
Euromet-05 32.1 1.6 4.50 0.023 36.6 1.6
Euromet-09 39 3.5 5.2 0.47 442 3.5
Weighted mean 38.87 0.22
Calculated 34.7 0.4 4.82 0.07 39.5 0.4

The weighted mean of the KX measured values (except Euromet-09 which is outlier) is lower than
the calculated value deduced from the decay scheme. They barely agree within their uncertainty limits.
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Comments on evaluation %Ga

®Ga — Comments on evaluation of decay data
by E. Browne

1. Statistical Analysisof Data

The Limitation of Relative Statistical Weight (LWM) [1985ZiZY] method, used for averaging numbers
throughout this evaluation, provided a uniform approach for the an alysis of discrepant data. The uncertainty
assigned in this evaluation to the recommended value is always greater than or equal to the smallest
uncertainty in any of the experimental values used in the calculation.

2. Decay Scheme

%Ga decays 56 (4) % by pos itron (b") emission and 44 (4) % by electron capture e to *Zn
(Q(e)=5175(3) keV (1995Au04)). About 140 grays de-exciting 31 nuclear levelsin ~ “°Zn are known.

Emission of conversion electrons is very low and negligible compared to that of g rays (photons) because of
the low atomic number (Z = 30) of the daughter nucleus ( °°Zn) and the high energy ( > 1000 keV) of the most
intense grray transitions. Consequently, neither conversion coefficients (most of them < 2x10 ™) nor a list of
conversion electrons is given in this evaluation.

Evaluator has normalized the decay scheme using experimental results from 1960Sc06, decay -scheme
information, and theory. As expected from the spins and parities of %Ga (0+)and °°Zn (0+), there is a
significant etb” feeding (51(4)%) to the ground state of **Zn. Electron-capture and b” transition probabilities
to excited states in *Zn given in Section 2.1 are from @ray transition probability balance at each level and

theoretical &b" ratios. The decay scheme shown here is that of 1998Bh02 with the addition of levels half-lives
from 2002Ga20.

3. Nuclear Data

The recommended half-life of ®*Ga, 9.49(7) hours, is a weighted average (LWM, ¢*/n=2.9) of 9.57(6) hours
(1956Ru45), 9.50(10) hours (1959Cal5), and 9.33(8) hours (1964Ru06). Other values are: 9.45 hours
(1950La55), and 9.35 hours (1967Val3).

Q(e)=5175(3) keV is from 1995Au04.

4. Gamma Rays

Energies

gray energies in Table 1 given in boldface are from 2000He14. These values are based on a revised energy
scale that uses the new adjusted fundamental constants and wave lengths deduced from an updated value of
the lattice spacing of Si crystals [Cohen and Taylor [1]]. Helmer and van der Leun (2000He14) fitted the
adjusted gray energies of “Ga to a level scheme, and deduced their re commended values from level -energy
differences. Less precise energies are from 1993Al15 and 1994En02, but adjusted to those of 2000He14 using
a least-squares procedure. Evaluator has considered the difference between these two energy scales to be a
systematic adjustment that he applied to the recommended energies given here. Thus, the uncertainties in the
gray energies given in this evaluation are just statistical, as reported by authors. See Table 1.
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Emission Intensities

The relative emission probabilities of the most intense g rays (given in boldface) in Table 2 are values
recommended in 2002Ba38 an d in this evaluation. These are weighted averages (LWM) of results from
Berkeley, Budapest, and of 2000Ra36. Some of the uncertainties given in 2002Ba38, however, may be smaller
than those given here, which are always greater than or equal to the smallest uncertainty in any of the
experimental values used in the calculation.

Relative emission probabilities of other g rays are weighted averages (LWM) of values from 1970Ph01,
1971Cal4, and 1994En02, each corrected by evaluator for a systematic error in the detector efficiency above ~
1100 keV. This error was caused by an inadequate extrapolation of the detector efficie ncy to higher energies,
and affected its value by as much as 30% at 4806 keV (1975Mc07).

The correction factor (F =1.116 — 0.155 E(MeV) + 0.0397 Egz(MeV)) given in 2002Ba38 has been used here.
Uncertainties in the recommended relative emission probabilit ies are only statistical and have been deduced
from those given in the individual measurements (see Table 2).

Absolute emission intensities given here are based on experimental results and decay -scheme normalization
arguments as follows:

I.(1039 g)/Ip.(gs) = 2.08(10) * 10™* (1960Sc06)

In+(gs)/S Ipi = 0.8697 (1960Sc06)

1..(1039 g E2)/I{1039 g) = 2.69(8) ~ 10™* (Theory, 1978R522).

Therefore,

11039 g/S Ty =2.08(10) " 10* ~ 0.8697/2.69(8) " 10™* = 0.67(4).

Also STy /S I = 1.265 from decay scheme and theoretical values of I; /& for each level. Using
Sl +Slg =100 %, gives SIp; " = 55.8(24) %, and

11039 9 = 0.67(4) ~ 55.8(24) =37(3) %.

Absolute gray emission intensities given in Section 5.2 are relative values multiplied by 0.37(3).

5. Positron (b*) Transitions

Positron end-point energies given in section 2.1.1 (E,” = Q(€) — E(keV) — 1022) are evaluator’s values deduced
using Q(€) = 5175(3) keV (1995Au04) and level energies (E(keV)) from decay scheme. Absolute b’ emission
probabilities are from gray intensity balance at each nuclear level and theoretical I; /& ratios.

6. Electron Capture (e) Transitions

e transition energies (E( €) =Q(e) — E(keV)) are evaluator’s values deduced using Q(  €) =5175(3) keV
(1995Au04) and level energies (E(keV)) from decay scheme. Absolute e transition probabilities are from gray
probability balance at each nuclear level and theoretical I,;'/g ratios. Fractional atomic shell electron -capture
probabilities (Pk, Pr, Py) are evaluator’s values calculated using the EC-CAPTURE computer program [2] and
the nuclear level energies presented here.

7. Atomic Data

The X-ray and Auger electron energies given in sections 3, 4 are from  Schonfeld and Rodloff [4] and [5],
respectively. Emission intensities are evaluator’s values calculated using the EMISSION (Version V.3.04) [3]
program, atomic data from 1996Sc06, and the recommended gray emission intensities from section 5.2.
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Table 1. ®*Ga Gamma-Ray Energies
1993Al115 2000Hel4 2000Hel4 Fitted
DE, (keV) Ey(keV)

1993AI15, 1994En02
E, (keV)
171.9
283.87
290.808
347.77
375.396
410.177
412.915
442.872
448.725
459.682
494.336
499.59
551.284
554.28
557.13
562.241
578.54
600.789
653.569
658.57
670.252
680.56
686.084
705.033
708.36
718.97
723.17
749.68
763.64
796.21
800.13
833.537
853.046
856.53
857.096
862.929
867.93
873.395
885
907.394
914.392
929.68
953.93
954.12
963.896
980.938
1008.593
1010.962
1015.086
1039.231
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0.2
0.03
0.011
0.05
0.017
0.012
0.016
0.014
0.02
0.014
0.013
0.006
0.022
0.03
0.05
0.01
0.019
0.021
0.014
0.03
0.014
0.1
0.007
0.015
0.05
0.05
0.05
0.1
0.03
0.05
0.05
0.003
0.009
0.01
0.009
0.013
0.03
0.021
0.05
0.019
0.014
0.03
0.09
0.07
0.015
0.013
0.012
0.019
0.018
0.006

686.080

DE, (keV)

0.006

833.5324 0.0021

853.038

1039.22

0.008

0.003

166

Eq(keV)
171.9 (2)
283.87 (3)
290.8105(11)
347.77 (5)
375.398 (17)
410.178 (12)
412.916 (16)
442.873 (14)
448.73 (2)
459.683 (14)
494.336 (13)
499.590 (6)
551.284 (22)
554.28 (3)
557.13(5)
562.241 (10)
578.540 (19)
600.788 (21)
653.568 (14)
658.57 (3)
670.251 (14)
680.56 (10)
686.080 (6)
705.031 (15)
708.36 (5)
718.97 (5)
723.17 (5)
749.68 (10)
763.64 (3)
796.21 (5)
800.13 (5)
833.5324 (21)
853.038 (8)
856.527 (10)
857.093 (9)
862.926 (13)
867.93 (3)
873.392 (21)
885.00 (5)
907.390 (19)
914.388 (14)
929.68 (3)
953.93 (9)
954.12 (7)
963.892 (15)
980.934 (13)
1008.588 (12)
1010.957 (19)
1015.081 (18)
1039.220 (3)

GGGa
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1993A115, 1994En02
E, (keV)
1060.056
1065.31
1066.455
1082.754
1106.54
1129.929
1135.48
1147.9
1190.297
1195.33
1232.271
1232.487
1248.786
1274.51
1298.96
1305.815
1333.12
1356.112
1356.328
1357.258
1409.36
1418.763
1425.256
1433.64
1458.67
1468.98
1508.175
1515.172
1523.289
1534.61
1554.63
1559.637
1577.318
1634.47
1703.6
1713.614
1740.918
1787.45
1797.95
1868.118
1872.753
1898.832
1918.341
1927.97
2009.643
2026.031
2065.792
2085.88
2089
2173.334
2189.631
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1993Al115 2000Hel4

DE, (keV) E,(keV)

0.011
0.009
0.012
0.02
0.24
0.018
0.09
0.012
0.008
0.09
0.008
0.015
0.022
0.03
0.07
0.021
0.006
0.009
0.015
0.012
0.24
0.006
0.02
0.04
0.012
0.05
0.011
0.02
0.015
0.04
0.03
0.01
0.02
0.07
0.05
0.012
0.018
0.09
0.09
0.02
0.006
0.009
0.006
0.04
0.016
0.025
0.008
0.04
0.013
0.018
0.009

1147.896
1190.287

1333.112

1418.754

1458.662

1508.158

1740.904

1898.823
1918.329

2065.778

2173.319
2189.616

2000Hel4 Fitted

DE, (keV)

0.010
0.007

0.005

0.005

0.012

0.007

0.016

0.008
0.005

0.007

0.015
0.006
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E, (keV)
1060.051 (11)
1065.305 (9)
1066.450 (12)
1082.75 (2)
1106.53 (24)
1129.923 (18)
1135.47 (9)
1147.896 (10)
1190.287 (7)
1195.32 (9)
1232.264 (8)
1232.480 (15)
1248.779 (22)
1274.50 (3)
1298.95 (7)
1305.807 (21)
1333.112 (5)
1356.104 (9)
1356.320 (15)
1357.250 (12)
1409.35 (24)
1418.754 (5)
1425.25 (2)
1433.63 (4)
1458.662 (12)
1468.97 (5)
1508.158 (7)
1515.162 (20)
1523.279 (15)
1534.60 (4)
1554.62 (3)
1559.627 (10)
1577.308 (20)
1634.46 (7)
1703.59 (5)
1713.602 (12)
1740.904 (16)
1787.44 (9)
1797.94 (9)
1868.105 (20)
1872.740 (6)
1898.823 (8)
1918.329 (5)
1927.96 (4)
2009.628 (16)
2026.016 (25)
2065.778 (7)
2085.86 (4)
2088.985 (13)
2173.319 (15)
2189.616 (6)

GGGa
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1993AI115, 1994En02
E, (keV)
2213.19
2265.86
2292.188
2341.691
2393.153
2422.544
2433.826
2467.99
2492.44
2537.11
2588.573
2631.46
2698.94
2713.75
2751.852
2780.12
2785.7
2802.8
2843.153
2933.395
2977.12
2993.25
3046.697
3085.4
3212.526
3228.824
3256.048
3331.379
3380.882
3422.075
3432.343
3738.13
3766.893
3791.036
3810.62
4085.875
4295.224
4461.247
4806.06
4865.91
5005.62

1993AI15
DE, (keV)
0.011
0.24
0.013
0.011
0.01
0.009
0.018
0.07
0.03
0.05
0.013
0.09
0.05
0.05
0.006
0.018
0.3
0.5
0.016
0.017
0.05
0.04
0.011
0.4
0.019
0.009
0.009
0.014
0.01
0.012
0.01
0.05
0.018
0.008
0.05
0.012
0.01
0.013
0.018
0.04
0.23

2000He14
E, (keV)
2213.181

2393.129
2422.525

2751.835
2780.095

2933.358
2977.083
2993.208
3046.684

3228.800

3380.850
3422.040
3432.309

3766.850

4085.853

4461.202
4806.007

2000Hel14 Fitted

DE, (keV)
0.009

0.007
0.007

0.005
0.016

0.009
0.043
0.032
0.009

0.006

0.006
0.008
0.007

0.009

0.009

0.009
0.009

Y= A + BX and input energies (X) from 1994En02.

LBNL/E. Browne
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E, (keV)
2213.181 (9)
2265.84 (24)
2292.171 (13)
2341.673 (11)
2393.129 (7)
2422 525 (7)
2433.807 (18)
2467.97 (7)
2492.42 (3)
2537.09 (5)
2588.553 (13)
2631.44 (9)
2698.92 (5)
2713.73 (5)
2751.835 (5)
2780.095 (16)
2785.7 (3)
2802.8 (5)
2843.130 (16)
2933.358 (9)
2977.083 (43)
2993.208 (32)
3046.684 (9)
3085.4 (4)
3212.499 (19)
3228.800 (6)
3256.021 (9)
3331.351 (14)
3380.850 (6)
3422.040 (8)
3432.309 (7)
3738.10 (5)
3766.850 (9)
3791.004 (8)
3810.59 (5)
4085.853 (9)
4295.187 (10)
4461.202 (9)
4806.007 (9)
4865.87 (4)
5005.6 (3)
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1970Ph01
Eg(keV) Ig
171.9 (2) 0.028 (1)
283.87 (3)
290.8105 (11)
347.77 (5)
375.398 (17)
410.178 (12)
412.916 (16)
442.873 (14)
448.73 (2)
459.683 (14)
494.336 (13)
499.590 (6)
551.284 (22)
554.28 (3)
557.13(5)
562.241 (10)
578.540 (19)
600.788 (21)
653.568 (14)
658.57 (3)
670.251 (14)
680.56 (10)
686.080 (6)
705.031 (15)
708.36 (5)
718.97 (5)
723.17 (5)
749.68 (10)
763.64 (3)
796.21 (5)
800.13 (5)
833.5324 (21)
853.038 (8)
856.527 (10)

0.150 (10)

0.300 (20)

0.290 (10)
0.240 (10)

0.160 (10)

0.690 (20)

16.2 (7)

LBNL/E. Browne

1970Ph01*
Ig(Corr.)
0.028 (1)
0.150 (10)

0.300 (20)

0.290 (10)
0.240 (10)

0.160 (10)

0.690 (20)

16.2 (7)

Table 2:
1971Cal4
Ig

0.131 (2)

0.172 (24)

0.279 (58)
0.206 (35)

0.156 (20)

0.645 (40)

15.92 (17)
0.200 (5)
0.315 (10)

%Ga Relative
1971Cal14*
Ig(Corr.)

0.131 (2)

0.172 (24)

0.279 (58)
0.206 (35)

0.156 (20)

0.645 (40)

15.92 (17)
0.200 (5)
0.315 (10)

Gamma-Ray
1994En02
g

0.0097 (21)
0.146 (6)
0.0048 (15)
0.0058 (16)
0.177 (7)
0.0091 (13)
0.042 (3)

0.0152 (20)
0.013 (3)

0.0189 (16)
0.0122 (13)
0.0166 (17)
0.0179 (17)

0.0365 (23)
0.0036 (12)
0.0203 (21)
0.0110 (18)
0.0040 (11)

0.0102 (11)
0.0234 (19)
0.0268 (20)
0.0093 (13)
0.0037 (11)
0.0240 (20)
0.0079 (17)
0.0027 (14)

0.232 (12)
0.280 (12)

Emission
1994En02*
Ig(Corr.)

0.0097 (21)
0.146 (6)
0.0048 (15)
0.0058 (16)
0.177 (7)
0.0091 (13)
0.042 (3)

0.0152 (20)
0.013 (3)

0.0189 (16)
0.0122 (13)
0.0166 (17)
0.0179 (17)

0.0365 (23)
0.0036 (12)
0.0203 (21)
0.0110 (18)
0.0040 (11)

0.0102 (11)
0.0234 (19)
0.0268 (20)
0.0093 (13)
0.0037 (11)
0.0240 (20)
0.0079 (17)
0.0027 (14)

0.232 (12)
0.280 (12)
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GGG a

Intensities
2000Ra00 Berkeley
Ig Ig

16.02 (24) 15.94 (14)

Jul. 2003

Budapest
Ig

15.92 (6)

Recomm.
Ig

0.028 (1)
0.0097 (21)
0.133 (4)
0.0048 (15)
0.0058 (16)
0.177 (7)
0.0091 (13)
0.042 (3)
0.290 (10)
0.237 (10)
0.0152 (20)
0.013 (3)
0.0189 (16)
0.0122 (13)
0.0166 (17)
0.0179 (17)
0.159 (10)
0.0365 (23)
0.0036 (12)
0.0203 (21)
0.0110 (18)
0.0040 (11)
0.681 (20)
0.0102 (11)
0.0234 (19)
0.0268 (20)
0.0093 (13)
0.0037 (11)
0.0240 (20)
0.0079 (17)
0.0027 (14)
15.93 (6)
0.205 (5)
0.301 (17)

Remarks

o
|
A
|
|
|
|
|
c
Cc
|
|
|
|
|
|
Cc
|
|
|
|
|
Cc
|
|
|
|
|
|
|
|
K
D
D



Commentson evaluation

Recomm.
Eg(keV)
857.093 (9)
862.926 (13)
867.93 (3)
873.392 (21)
885.00 (5)
907.390 (19)
914.388 (14)
929.68 (3)
953.93 (9)
954.12 (7)
963.892 (15)
980.934 (13)
1008.588 (12)
1010.957 (19)
1015.081 (18)
1039.220 (3)
1060.051 (11)
1065.305 (9)
1066.450 (12)
1082.75 (2)
1106.53 (24)
1129.923 (18)
1135.47 (9)
1147.896 (10)
1190.287 (7)
1195.32 (9)
1232.264 (8)
1232.480 (15)
1248.779 (22)
1274.50 (3)
1298.95 (7)
1305.807 (21)
1333.112 (5)
1356.104 (9)
1356.320 (15)

1970Ph01
g

0.300 (20)
0.190 (10)

0.150 (20)
0.183 (10)

100

0.22 (3)
0.42 (4)

1.14 (20)
0.4 (2)

3.28 (5)
0.83 (30)
0.3 (1)

LBNL/E. Browne

1970Ph01*
Ig(Corr.)

0.300 (20)
0.190 (10)

0.150 (20)
0.183 (10)

100

0.22 (3)
0.42 (4)

1.12 (20)
0.4 (2)

3.21 (5)
0.81 (30)
0.29 (10)

1971Cal4
g

<0.034 (10)
<0.030 (10)

0.130 (5)
0.138 (4)

100
0.033 (10)

0.211 (17)
0.34 (1)

1.38 (4)
0.14 (4)

3.25 (4)
1.00 (10)
0.35 (5)

1971Cal4*

Ig(Corr.)

0.130 (5)
0.138 (4)

100
0.033 (10)

0.211 (17)
0.34 (1)

1.36 (4)
0.14 (4)

3.18 (4)
0.98 (10)
0.34 (5)

1994En02
Ig

0.040 (12)
0.0410 (20)
0.0117 (14)
0.046 (3)
0.0051 (13)
0.059 (4)
0.073 (4)
0.0123 (15)
0.0027 (3)
0.0121 (17)
0.039 (3)

0.073 (4)
0.033 (8)
100

0.043 (3)
0.0063 (12)
0.0064 (12)
0.036 (2)
0.0033 (10)
0.0370 (21)
0.0128 (13)

0.0025 (9)

0.0027 (9)

0.0192 (15)
0.0105 (12)
0.0109 (12)

1994En02*
Ig(Corr.)
0.040 (12)
0.0410 (20)
0.0117 (14)
0.046 (3)
0.0051 (13)
0.059 (4)
0.073 (4)
0.0123 (15)
0.0027 (3)
0.0121 (17)
0.039 (3)

0.073 (4)
0.033 (8)
100

0.043 (3)
0.0063 (12)
0.0064 (12)
0.0358 (20)
0.0033 (10)
0.0367 (21)
0.0128 (13)

0.0025 (9)

0.0027 (9)

0.0189 (15)
0.0103 (12)
0.0107 (12)
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2000Ra00
g

100.0 (16)

3.17 (5)

GGG a

Berkeley
Ig

100.0 (9)

3.20 (3)

Jul. 2003

Budapest
Ig

100.0 (3)

3.171 (13)

Recomm.
Ig

0.040 (12)
0.0410 (20)
0.0117 (14)
0.046 (3)
0.0051 (13)
0.059 (4)
0.073 (4)
0.0123 (15)
0.0027 (3)
0.0121 (17)
0.039 (3)
0.131 (5)
0.160 (20)
0.073 (4)
0.033 (8)
100.0 (3)
0.042 (3)
0.0063 (12)
0.0064 (12)
0.0358 (20)
0.0033 (10)
0.0367 (21)
0.0128 (13)
0.212 (17)
0.345 (19)
0.0025 (9)
1.35 (5)
0.15 (5)
0.0027 (9)
0.0189 (15)
0.0103 (12)
0.0107 (12)
3.175 (13)
0.96 (10)
0.33 (5)

Remarks

|
|
|
|
|
E
E
|
|
|
|
C
C
|
|
K
F
|
|
|
|
|
|
C
C
|
C
C
|
|
|
|
K
C
C



Commentson evaluation

Recomm.
Eg(keV)
1357.250 (12)
1409.35 (24)
1418.754 (5)
1425.25 (2)
1433.63 (4)
1458.662 (12)
1468.97 (5)
1508.158 (7)
1515.162 (20)
1523.279 (15)
1534.60 (4)
1554.62 (3)
1559.627 (10)
1577.308 (20)
1634.46 (7)
1703.59 (5)
1713.602 (12)
1740.904 (16)
1787.44 (9)
1797.94 (9)
1868.105 (20)
1872.740 (6)
1898.823 (8)
1918.329 (5)
1927.96 (4)
2009.628 (16)
2026.016 (25)
2065.778 (7)
2085.86 (4)
2088.985 (13)
2173.319 (15)
2189.616 (6)
2213.181 (9)
2265.84 (24)
2292.171 (13)

1970Ph01
Ig
0.7 (2)

1.65 (3)

0.25 (7)

1.48 (9)

0.19 (4)

1.15 (3)
5.65 (2)

0.098 (16)

0.38 (3)
15.0 (3)
0.38 (5)

LBNL/E. Browne

1970Ph01*
Ig(Corr.)
0.69 (20)

1.61 (3)

0.24 (7)

1.44 (9)

0.18 (4)

1.11 (3)
5.45 (2)

0.095 (16)

0.37 (3)
14.5 (3)
0.37 (5)

1971Cal4
Ig
0.39 (10)

1.700 (27)

0.268 (6)

1.520 (24)

0.0800 (10)

1.09 (4)
5.625 (80)

0.086 (4)

0.236 (12)
15.06 (18)
0.365 (12)

0.110 (10)

1971Cal4*
Ig(Corr.)
0.38 (10)

1.659 (27)

0.261 (6)

1.478 (24)

0.0773 (10)

1.05 (4)
5.427 (80)

0.083 (4)

0.228 (12)
14.56 (18)
0.353 (12)

0.107 (10)

1994En02
g

0.0044 (18)

0.0167 (13)
0.0050 (10)

0.0038 (10)

0.0172 (15)
0.0152 (13)
0.016 (4)
0.051 (3)
0.061 (4)
0.0111 (16)
0.0098 (15)
0.015 (5)
0.068 (3)

0.025 (2)
0.0053 (14)
0.0076 (15)
0.064 (4)

0.0063 (20)
0.0086 (17)
0.0073 (16)

0.006 (4)
0.032 (7)

0.0038 (14)
0.047 (3)

1994En02*
Ig(Corr.)

0.0043 (18)

0.0163 (13)
0.0050 (10)

0.0037 (10)

0.0167 (15)
0.0148 (13)
0.0155 (40)
0.049 (3)
0.059 (4)
0.0108 (16)
0.0095 (15)
0.015 (5)
0.066 (3)

0.0240 (20)
0.0051 (14)
0.0073 (15)
0.062 (4)

0.0061 (20)
0.0083 (17)
0.0070 (16)

0.0058 (40)
0.031 (7)

0.0037 (14)
0.046 (3)
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GGG a

2000Ra00 Berkeley
Ig Ig

1.640 (23)

1.503 (23)

1.062 (23)

5.33 (8) 5.44 (6)

1454 (21)  14.50 (13)

Jul. 2003

Budapest
Ig

1.659 (8)

1.496 (7)

1.050 (8)
5.360 (23)

14.39 (6)

Recomm.
Ig

0.44 (13)
0.0043 (18)
1.657 (8)
0.0163 (13)
0.0050 (10)
0.261 (6)
0.0037 (10)
1.497 (7)
0.0167 (15)
0.0148 (13)
0.016 (4)
0.050 (3)
0.059 (4)
0.0108 (16)
0.0095 (15)
0.015 (5)
0.066 (3)
0.0773 (10)
0.0240 (20)
0.0051 (14)
0.0073 (15)
0.062 (4)
1.051 (8)
5.368 (23)
0.0061 (20)
0.0083 (17)
0.0070 (16)
0.084 (4)
0.006 (4)
0.031 (7)
0.228 (12)
14.42 (6)
0.354 (12)
0.0037 (14)
0.046 (3)

Remarks

Cc
|
M
|
|
Cc
|
M
|
|
|
|
|
|
|
|
|
G
|
|
|
|
M
K
|
|
|
Cc
|
|
G
K
Cc
|
H



Commentson evaluation

Recomm.
Eg(keV)
2341.673 (11)
2393.129 (7)
2422.525 (7)
2433.807 (18)
2467.97 (7)
2492.42 (3)
2537.09 (5)
2588.553 (13)
2631.44 (9)
2698.92 (5)
2713.73 (5)
2751.835 (5)
2780.095 (16)
2785.7 (3)
2802.8 (5)
2843.130 (16)
2933.358 (9)
2977.083 (43)
2993.208 (32)
3046.684 (9)
3085.4 (4)
3212.499 (19)
3228.800 (6)
3256.021 (9)
3331.351 (14)
3380.850 (6)
3422.040 (8)
3432.309 (7)
3724.8 (10)
3738.10 (5)
3766.850 (9)
3791.004 (8)
3806.3 (10)
3810.59 (5)
3827.5 (8)

1970Ph01
g

0.64 (2)
5.06 (10)

60.9 (8)
0.33(2)

0.57 (3)
0.17 (2)
3.85 (6)
0.31 (3)
3.68 (4)

2.10 (9)
0.73 (3)

0.37 (2)
2.63 (11)

LBNL/E. Browne

1970Ph01*
Ig(Corr.)

0.62 (2)
4.93 (10)

60.3 (8)
0.33(2)

0.57 (3)
0.17 (2)
3.96 (6)
0.32 (3)
3.85 (4)

2.21 (9)
0.77 (3)

0.41 (2)
2.89 (11)

1971Cal4
g

0.670 (20)
5.16 (5)

0.063 (6)

0.073 (7)

61.2 (6)
0.337 (8)

0.574 (8)
0.062 (6)
0.084 (8)
0.150 (6)

3.96 (4)
0.241 (5)

3.78 (4)
2.18 (4)
0.740 (10)
0.0060 (10)
0.032 (3)
0.364 (14)
2.675 (32)
0.0060 (10)
0.0210 (20)
0.0170 (20)

1971Cal4*
Ig(Corr.)

0.651 (20)
5.023 (5)

0.061 (6)

0.072 (7)

60.6 (6)
0.334 (8)

0.576 (8)
0.062 (6)
0.085 (8)
0.152 (6)

4.08 (4)
0.249 (5)

3.95 (4)
2.29 (4)
0.778 (10)
0.0065 (10)
0.035 (3)
0.399 (15)
2.940 (35)
0.0066 (10)
0.0231 (22)
0.0190 (22)

1994En02
Ig
0.0089 (17)

0.0206 (17)
0.0234 (19)
0.061 (4)
0.014 (3)
0.072 (4)
0.008 (3)
0.0101 (17)
0.017 (5)

0.0081 (14)
0.0040 (11)
0.0045 (9)

0.0052 (13)
0.0049 (10)

0.270 (14)
0.0059 (8)

0.0353 (20)

0.025 (3)

1994En02*
Ig(Corr.)
0.0086 (17)

0.0201 (17)
0.0228 (19)
0.060 (4)
0.014 (3)
0.071 (4)
0.008 (3)
0.0100 (17)
0.017 (5)

0.0080 (14)
0.0040 (11)
0.0045 (9)

0.0053 (13)
0.0050 (10)

0.279 (14)
0.0061 (8)

0.0385 (20)

0.028 (3)

172

2000Ra00
g

5.12 (8)

61.2 (8)

4.06 (8)

3.96 (8)

2.96 (5)

GGG a

Berkeley
Ig

5.15 (6)

61.5 (6)

4.07 (4)

3.99 (4)
2.29 (3)

2.96 (4)

Jul. 2003

Budapest
Ig

5.072 (24)

61.34 (26)

4.087 (22)

3.950 (23)
2.321 (16)

2.929 (24)

Recomm.
Ig

0.0086 (17)
0.635 (20)
5.085 (24)
0.0201 (17)
0.0228 (19)
0.060 (4)
0.014 (3)
0.071 (4)
0.008 (3)
0.0100 (17)
0.017 (5)
61.35 (26)
0.334 (8)
0.0080 (14)
0.0040 (11)
0.0045 (9)
0.576 (8)
0.062 (6)
0.085 (8)
0.154 (6)
0.0053 (13)
0.0050 (10)
4.082 (22)
0.254 (10)
0.0061 (8)
3.960 (23)
2.314 (16)
0.777 (10)
0.0065 (10)
0.0374 (20)
0.403 (15)
2.941 (24)
0.0066 (11)
0.0248 (22)
0.0190 (22)

Remarks
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Comments on evaluation %Ga

Recomm. 1970Ph01 1970Ph01* 1971Cal4 1971Cal4* 1994En02 1994En02* 2000Ra00 Berkeley Budapest Recomm. Remarks
Eg(keV) Ig Ig(Corr.) Ig Ig(Corr.) Ig Ig(Corr.) Ig Ig Ig Ig

4085.853 (9) 2.91 (6) 3.33(7) 3.07 (4) 3.52 (5) 3.38 (8) 3.42 (4) 3.455 (20) 3.445 (20) K
4295.187 (10) 9.2 (2) 10.88 (24) 9.17 (11) 10.84 (13) 10.24 (26)  10.54 (15) 10.25(7)  10.30 (8) K, L
4461.202 (9) 1.84 (4) 2.23(5) 1.875 (22) 2.277 (27) 2.20 (4) 2.275(23) 2.26 (3) M
4806.007 (9) 3.96 (6) 5.10 (6) 3.82 (4) 4.92 (4) 4.93 (11) 5.00 (7) 5.04 (3) 5.03 (3) K
4865.87 (4) 0.0058 (5) 0.0075 (6) 0.0075 (6) |
5005.6 (3) 0.0025 (3) 0.0033 (4) 0.0033 (4) |

*gray intensities (Ig) corrected for a systematic inaccuracy in the detector efficiency curve above 1050 keV.

Correction factor f = 1.116 - 0.155 Eg (MeV) + 0.0397 Egx Eg (2002Ba38). Uncertainties are statistical values given by authors.
A: Weighted average of values from 1970Ph01, 1971Cal4, and 1994En02

B: Weighted average of values from 1971Cal4 and 1994En02. Value from 1970Ph01 is too high (peak may contain impurities).
C: Weighted average of values from 1970Ph01 and 1971Cal4.

D: Weighted average of values from 1970Ph01 and 1994En02.

E: From 1994En02. Value from 1970Ph01 is too high (peak may contain impurities).

F: Weighted average of values from 1971Cal4 and 1994En02.

G: From 1971Cal4. Value from 1970Ph01 is too high (peak may contain impurities).

H: From 1994En02. Value from 1971Cal4 is too high (peak may contain impurities).

I: From 1994En02.

K: Weighted average (in boldface) of values from 2000Ra36, from Berkeley, and from Budapest, as given in 2002Ba38
(except for the recommended uncertainties, which are never smaller than the smallest experimental uncertainty).

L: After correction for single-escape contribution from the 4806-keV line.

M; Weighted average (in boldface) of values from Berkeley and Budapest, as given in 2002Ba38
N: From 1971Cal4

O: Reported only by 1970Ph01.
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Comments on evaluation *Ga

®"Ga— Comments on evaluation of decay data
by V.P. Chechev and N.K. Kuzmenko

This evaluation was completed in March 2000, the half-life value has been updated in March 2004.
1. Decay Scheme

Up to the recent time a main uncertainty of evaluations of the “’Ga decay scheme was connected
with the lack of measurements of the absolute intensity of the internal conversion electron component
P(ec, ) from the 93 keV gamma -transition (2000Si03). This value determines directly the probability of
the allowed, but 1-forbidden electron capture transition to the ground state of ¢’Zn. In many evaluations
including 1991Bh06 it has been adopted equal zero.

This evaluation of the “’Ga decay scheme has taken into account two recent measurements of
P(ec; ) (1998At04 and 2000Si03) as well as an analysis 2000Si03 and based on the average of the above
two measurement results which gives P(ec o) =32.5 + 0.4 per 100 disintegrations (see comments in 4.2)
and leads to the probability of the electron capture transition to th e “’Zn ground state P( &) =3.6 % 2.0
per 100 disintegrations.

There are two levels 604.5 keV and 814.8 keV among the adopted levels in 1991Bh06 which are
placed below the decay energy and which could be fed by the 3™ and 2™ EC transitions, respectivel y.
From the Ig ft systematics their corresponding lg ft should be more than 17.6 and 11. From here the upper
limits on the EC branch intensities are obtained negligible: <410"*% and 10°%.

2 Nuclear Data

Q value is from Audi and Wapstra (1995Au04)
Since 1972 the eight accurate measurements of the ~ “’Ga half-life have been carried out. They
gave the following values, in days:

3.261(1) 1972Le37
3.264(1) 1978La21
3.261(1) 1978Mel0

3.2594(12)  1979De42
3.2607(8)  1980Hol7

3.26154(54) 1982H0ZJ, 1992Un01, 2002Un02
3.2623(15)  2003Schrader

3.2634(16)  2003Silva

The other available values are, in days: 3.29(8) (1938MAO01); 3.46 (1948HO04); 3.26(2)
(1948MC32); 3.33 (1950HO26); 3.246(13) (1955T027); 3.30(7) (1964RU06); 3.27(6), 3.26(5), 3.53(10),
3.30(6), 2.90(15), 3.51(5), 3.78(18), 3.49(18) (1972CR02). These values were omitted due to their large
uncertainties.

Statistical processing of the above data set leads to the unweighted mean (UWM) of 3.2616(6)
and weighted mean (WM) of 3.2613(6) with an internal uncertainty of 0.00033 and an external
uncertainty of 0.00038. The LWEIGHT computer program has chosen WM and the internal uncertainty.
The EVINEW computer program has chosen WM and the minimum input uncertainty of 0.00054.

The adopted value for the ®’Ga half-life is 3.2613(5) days.

2.1. Electron Capture Transitions

The energies of the electron capture, e, transitions have been calculated from the Q value and the
level energies deduced from gamma transition energies

The Py, P and Py values have been computed from the tables of Schonfeld (1998Sc28).

The experimental values of Py are available for &), and &,; being obtained in 1988Be55 for
Wi=0.479(30) from 72Bb16; Px(€)2) = 0.89(4); Px(&y ;) = 0.88(3).
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Comments on evaluation *Ga

The electron capture probabilities have been calculated from the balance of the evaluated  Pg...
values taking into account the evaluated absolute intensity P(ec o) = 32.5+0.4 per 100 disintegrations (see

comments in 1. and 4.2) that allows normalizing the total ground-state gamma transition probability to
96.4(20) per 100 disintegrations.

2.2. Gamma Transitions and I nternal Conversion Coefficients.

The evaluated energies of gamma transitions are the energies of gamma rays with adding the
recoil energy.

The probabilities of gamma transitions Pg... have been computed using the evaluated absolute
gamma-ray emission probabilities and the total internal conversion coefficients (ICC). The ICC have been
evaluated using the experimental information on the mul tipolarity admixture coefficients (see the table
below) and the theoretical values from 1978R022.

Most of gamma -transitions have the multipolarity of M1+E2. The multipolarities of the ¢ and
0y, transitions are pure E2 (for g, the admixture of M3 is possible). Below the measured admixture
coefficients d(E2/M1) and adopted Yal/2are given. The values YdY2have been adopted mainly from the
most accurate gamma-gamma directional-correlation measurements of 1973Ba54 and 1978Lo06.

1962 [1964 1966 1973 1974 1975 1975 1978 1978 |Adopted
Ri09  |AI28  [Frl2 Bas4 Ni01 ThO1 We08 Du04 Lo06 [l
&1 [dl £0.07 +0.1(1) +0.06(5) |-0.15(3), 0.06(5)
2.6(3)

+0.085 -0.35035) |-0.8<d [+0.48(11) |-0.17(7) |+ 0.08(4), 0.35(4)

Go |+0.51(7)|+0.415 [+0.38(8) d<-0.1 -5.0(8)
-0.07

% -0.02(2) [+0.035(21) |+0.02(4) |+0.01(20) |+ 0.08(5), |-0.10(6), 0.035(21)

-5.7(20) |+ 3.6(8)

. -0.1(2) [-0.178(5)  [-0.21(5) |+0.05(7) |-0.11(4), |+0.20(8), 0.18(1)
2.3(3) 3.1(4)
%o +0.07(8) |+ 0.043(10) |+0.11(6) |-0.01(18) [0.09(2), |-0.17(8), 0.043(10)
3.2(2) -2.13)
+0.8
05 -0.14(8) +1.9 0.57 0.06(4), |-0.17(8), |0.14(3) | 0.14(3)
-03 2.8(4) - 1.7(6)
o 02 10.46(11) -0.1(1)  [0.04(4) | 0.04(4)
2’123/ -0.04
-0.10
o -0.81(47) +0.9(3) [-0.96(9)| 0.96(9)
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The measurements of ICC(ak) have been made in 1966Fr12. Below their results are compared wit h the
adopted a.

Measured ax Adopted ax
9o 0.77(8) 0.751(15)
o 0.0156(10) 0.0158(6)
> 0.0075(7) 0.00811(17)
O 0.00337(30) 0.00356(15)
o 0.00192(15) 0.00174(4)
O3 0.0019(15) 0.00104(3)
o 3.4(7y10"* 3.2(3y10™

As seen from this table the adopted ay agree satisfactorily with the measured ones.

3. Atomic Data

3.1. Fluorescence yields

The fluorescence yields are taken from 1996Sc06 (Schonfeld and Janben).
3.2. X Radiations

The X-ray energies are based on the wave lengths in the compilation of 1967Be65 (Bearden). The
relative KX-ray emission probabilities are taken from 1996Sc06.
3.3. Auger Electrons

The energies of Auger electrons are from 1977Lal9 (Larkins) and 1987Table (Table de
Radionucleides).

The ratios P(KLX)/P(KLL) and P(KXY)/P(KLL) are taken from 1996Sc06.

4. Photon Emissions

4.1. X-Ray Emissions

The total absolute emission probability of KX -rays (Pxx) has been computed using the adopted
value of W, the evaluated total absolute emission probabilities of K conver sion electrons (Pceg) and the
electron capture (P ). The absolute emission probabilities of the KX -ray components have been
computed from Pxg using the relative probabilities from 96Sc06.

Below the measured in 1979De42 the P(XK  a)/P(@,) and P(XK b)/P(g) values are given in
comparison with our calculated (evaluated) values:

Measured Calculated

1979De42 (evaluated)
P(XKa)/P(g.0) 2.37(5) 2.38(8)
P(XKDb)/P(g,0) 0.331(7) 0.338(11)

The total absolute emission probability of LX -rays has been computed using total absolute sums
Pcer, Pcex, Pex, Pe. and atomic data of section 3 (W, V 1, ngy).

4.2. Gamma Emissions

The gamma ray energies have been adopted from 1978Mel0 as the most accurate with corrections to the
revised energetic scale in 2000He14 (1owering by 5.80 ppm). The complete list of the gamma ray energy
measurements is given below in Table 1.
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Table 1. Measured energies of gamma-rays in the decays of ’Ga ® “Zn and “Cu® “"Zn

67G a

1958Ch08 [1966Fr12 |1969Ral5 |1974Ar22 [1974HeYW™ [1974HeYW [1978Du04 |1978Mel0 |1990Mel5 |Adopted
b, 1.22(4) [91.275(20) 91.26(10) 01313)  P1.31(5) 01.266(5) P1.237(35) [91.265(5)
00 93.26(4) [93.317(20) 93.25(10) 932(2)  [93.32(2)  93.32(2)  [93.30(5) 93.311(5)  [93.291(30) 93.310(5)
bo [184.46(27)|184.60(4) [184.53(10) [184.02)  [184.56(2)  [184.56(2)  [184.63(3) [184.577(10) |184.569(30) [184.576(10)
G 208.96(6) [208.95(10) 208.93(2)  [208.93(2)  [208.91(4) [208.951(10) [208.970(30) [208.950(10)
5. 300.24(7) [300.22(10) 300.24(6)  [300.18(2)  [300.24(5) [300.219(10) [300.230(25) [300.217(10)
G0 393.65(6) [393.60(10) 393.56(7) [393.47(3)  [393.54(3) [393.529(10) [393.539(25) [393.527(10)
9.5 4194.31(10) 494.19(8)  1494.10(6) [494.169(15) 1494.132(30) |494.166(15)
9:r 703.6(2) 703.2(3)  [703.110(15) [703.078(50) [703.106(15)
9.1 794.7(2) 794.49(20) [794.39(8) [794.386(15) [794.378(50) [794.381(15)
9.0 888.0(2) 887.68(15) [887.67(7) [887.693(15) [887.664(40) [887.688(15)
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The gamma ray abs olute emission probabilities have been computed from the evaluated relative
emission probabilities given in Tables 2, 3 and the absolute emission probability of 01.0(93 keV). The
latter has been obtained from the evaluated P(ec 1)=32.5(4) per 100 disinteg rations and the total ICC
from 1978Ro022 for E2 gamma-transition ¢ o: P(gi 0)=P(ec10)/ar(g.0)=37.8(9).

The evaluated value of P(ec | ) is based on measurements 1998At04 and 2000Si03. In 2000Si03
two measurement results are given for two experimental data sets: 32.13(14) and 31.82(27). The weighted
mean of them with the external uncertainty increased by Student's factor is 32.06(23). In fact, this is a
final experimental result of Simpson and Ntsoane (2000Si03). Combining it with the somewhat
discrepant value of Attie et al. (1998At04) of 32.9(4) we have an evaluation for P(ec | )=32.5(4) which is
the unweighted average and obtained also on other statistical procedures (Limitation of Relative
Statistical Weight, Chauvenet’s Criteria and Permanent Inflation =~ methods). The Uniform Chi -Square
Inflation method gives 32.5(3), the Iterative Extensive Weighting method  — 32.5(5). (See 1994Ka08).
Simpson and Ntsoane recommended P(ec ;()=32.5(1) but such an uncertainty does not correspond to
discrepancy of the two experimental results and evidently is underestimated.

The results of statistical data processing for the relative gamma emission probabilities are given
in Table 3.

Table 2. Relative emission probabilities of gamma rays in the decay of “’Ga

1966 1967 1974 1975 1978 1979 1990 1991 Evaluated
Fr12 V103 HeYW  [ThO1 Mel0 De42 Mel5 HiZZ**
&, 91 [7.4(26)* 21.0(19)* [15.1(6) [|14.49(10) {15.0(5) 13.8(11) [14.9(7) 14.7(2)
o 93 Pl422)* 161(11) 181.2(11) [185(6) 169(10)  [184(5) 181(3)
o |184 (100 100 100 100 100 100 100 100 100
G, [208 [10.8(13) [10.9(5) [11.5(9) 11.38(8) 11.35(15) [11.1(7) 11.3(4) 11.34(9)
.. P00 [70(5) 75.6(50) [81(6) 81.2(5) 79.9(11) [76.5(37) [79.2(11) ([80.2(6)
Go 393 20.4(12) 22.6(19) 22.72(15) [22.0(3) 20.7(10) [22.1(3) 22.3(2)
Oz 494 0.43(4) [0.24(3) [0.60(6)* 0.332(4) 0.322(7) 0.32(5) 0.326(7) 10.328(7)
Q1o [703 [0.065(10) (0.05(1) 0.0529(10) 0.060(5) [0.046(5) [0.050(4) 0.053(2)
0.1 (794 0.26(5) [0.23(2) (0.24(3) 0.248(9) 0.251(8) (0.244(17) [0.255(9) [0.249(8)
0.0 888 10.69(9) [0.58(6) [0.69(7) 0.612(10)* [0.712(11) [0.69(4) 0.703(15) (0.703(11)

* Omitted as outliers. For g the value of 1978Mel0 has been omitted as it increases
considerably ¢” for the data set.

** In 1991HiZZ the absolute emission probabilities have been given but the deta ils of the
measurements are absent. Photons per 100 disintegrations: @ ;-3.16(9). g0 39.3(10); &0-21.20(28); &»-
2.40(7); 6.1-16.80(22); G5,0-4.68(6); 3 3-0.061(14); 9;,-0.0106(9); 04.1-0.0540(18); 0:0-0.149(3) .

Table 3. The results of statistical data processing for the relative gamma emission probabilities

c? Final uncertainty
Eg n WM s S set table and its type
. 91 5 14.7 0.23 0.16 2.0 9.5 02 (s)*
o |93 5 181 24 2.8 5.5 9.5 3 (S*
G, |208 |7 11.34 0.09 0.04 1.2 12.6 0.09 (s)
G 300 |7 80.2 0.52 0.63 8.8 12.6 06 (S*
Go [393 |6 223 0.14 0.21 10.7 11.1 02 (S)*
Oz [494 |6 0.328 0.0034 | 0.0062 | 16.6 11.1 0.007 (tS)*
G, | 703 |6 0.053 0.0018 | 0.0019 | 6.0 11.1 0.002 (S)*
Ou.1 794 |7 0.249 0.0046 | 0.0024 | 1.6 12.6 0.008 (s)
Qo | 888 |6 0.703 0.0094 | 0.0092 |48 5.0 0.011 (Smin) **

*Limitation of Relative Statistical Weight (LRSW) method increased the uncertainty of 1978Mel0.
**LRSW method increased the uncertainty of 1979De42.
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5. Electron Emissions

The energies of the conversion electrons have been calculated from the gamma -transition
energies given in 2.2 and the electron binding energies,

The emission probabilities of the conversion electrons have been calculated using the conversion
coefficients given in 2.2. The values of the emission probabilities of K-Auger electrons have been
calculated using the transition probabilities given in 2.1 and 2.2, the atomic data given in 3, and the
conversion coefficients given in 2.2.

7. References

1938MAO1 Mann, W. B. (1938): Nuclear Transformations Produced in Zinc by alpha - Particle Bombardment.
Phys. Rev. 54, 649. (Half-life)

1948HO04 Hopkins, H. H., Jr.; Cunningham,BB (1948): Nuclear Reactions of Arsenic with 190 -MeV Deuterons.
Phys. Rev. 73, 1406. (Half-life)

1948MC32 McCown, D. A.; Woodward, L. L.; Pool, M. L. (1948): Radioactive Isotopes of Ga and Ge. Phys. Rev.
74, 1311. (Half-life)

1950HO26 Hopkins, H. H. (1950): Spallation Products of Arsenic with 190 -MeV Deuterons. Phys. Rev. 77, 717.
(Half-life)

1955TO27 Tobailem, J. (1955): No title. Ann. Phys. (Paris) 10, 783. (Half-life)

1958Ch08 Chupp, E. L.; Dumond, J. W. M.; Gordon, F. J.; Jopson, R. C.; Mark, H.: Precision Determination of
Some Energy Levels in Fe57, Zn67, and Tc99. Phys. Rev. 109 (1958) 2036.(Gamma-ray energies)

1962Ri09 Ritter, R. C.; Stelson, P. H.; McGowan, F. K.; Robinson, R. L. (1962): Coulomb Excitation with Ne20
Ions. Phys. Rev. 128, 2320. (mixing ratio (E2/M1) for gamma-transitions)

1964A128 Alkhazov, D. G. ; Vasilev, V. D.; Gusinskii, G. M.; Lemberg, I. K.; Nabichvrishvili, V. A. (1965):
Angular Distribution of Gamma Radiation Emitted in Coulomb Excitation of Odd-A Nuclei. Bull. Acad. Sci. USSR,
Phys. Ser. 28, 1575.(Izv. Akad. Nauk. SSSR, Ser. Fiz. 28, 1683 (1964))

(mixing ratio (E2/M1) for gamma-transitions)

1964RU06 Rudstam, G. (1964): Peripheral Reactions in Copper Induced by 19 GeV Protons. Nucl. Phys. 56,
593.(Half-life)

1966Fr12  Freedman, M. S.; Porter, F. T.; Wagner, F.: Internal Conversion, Mu Itipole Mixing, and Auger
Spectrum in Zn67 from Ga67 Decay. Phys. Rev. 151 (1967) 886. (Priv. Comm.; June 1966)

(mixing ratio E2/M1 for gamma-transitions, ICC, gamma-ray energies and emission probabilities)

1967Be65 Bearden, J. A. (1967): Rev. Mod. Phys. 39, 78. (X-ray energies)

1967Vr03 Vrzal, J.; Dzhelepov, B. S.; Liptak, J.; Moskvin, L. N.; Prikhodtseva, V. P.; Sabirov, B. M.; Tishin, V. G.;
Urbanets, J.; Tsaritsyna, L. G.: Gamma Radiation from 66Ga, 67Ga and 72Ga. Bull. Acad. Sci. USSR, Phys. Ser. 31
(1968) 1687 (Izv. Akad. Nauk. SSSR, Ser. Fiz. 31 (1967) 1647) (Gamma-ray emission probabilities)

1969Li04 Li -Scholz, A.; Bakhru, H.: Branching Ratio of the gamma Rays from the 184.6  -keV State in Zn67.
Phys. Rev. 177 (1969) 1629. (Gamma-ray emission probabilities, gamma-mixing, ICC)

1969Ral5 Raman, S.; Pinajian, J. J.: Decay of 67Cu. Nucl. Phys. A131 (1969) 393. (Gamma-ray energies)
1972Bb16 Bambynek, W.; Crasemann, B.; Fink, R. W.; Freund, H. —U.; Mark, H.; Swift, C. D.; Price, R. E.; Rao,
P. Venugopala: X-Ray Fluorescence Yields, Auger, and Coster-Kronig Transition Probabilities. Rev. Mod. Phys. 44
(1972) 716. (KX-Ray Fluorescence Yield)

1972CRO2 Crisler, D. F.; Eldridge, H. B.; Kunselman, R.; Zaidins, C. S. (1972): Reactions Induced by He3 Ions on
Zn64. Phys. Rev. C5, 419. (Half-life)

1972Le37 Lewis, V. E.; Woods, M. J.; Goodier, I. W. Int. J. Appl. Radiat. Isotopes 23 (1972) 279.(Half-life)
1973Ba54 Bargholtz, C.; Eriksson, L.; Gidefeldt, L. (1973): Mixing Ratios in 67Zn Determined by Gamma -Gamma
Angular Correlations. Z. Phys. 263, 89 (mixing ratio (E2/M1) for gamma-transitions)

1974Ar22 Aronsson, P. O.; Johansson, B. E.; Rydberg, J.; Skarnemark, G.; Alstad, J.; Bergersen, B.; Kvale, E.;
Skarestad, M.: SISAK -a New Technique for Rapid, Continuous  (Radio) Chemical Separations. J. Inorg. Nucl.
Chem. 36 (1974) 2397.(Gamma-ray energies)

1974HeYW Heath, R. L. (1974): Gamma -Ray Spectrum Catalogue. Ge(Li) and Si(Li) Spectrometry. In: ANCR -
1000-2. (Gamma-ray energies and emission probabilities)

1974Ni01 Nilsson, A.; Sawa, Z. P.: On 1f2p Nuclei. Gamma Ray Spectroscopy on States in 65Zn and 67Zn Using
62,64Ni(a,n) Reactions. Phys. Scripta 9 (1974) 83. (mixing ratio (E2/M1) for gamma-transitions)

1975Th01 Throop, M. J.; Cheng, Y. T.; McDaniels, D. K.: Coulomb Excitation of 67Zn and Core -Quasiparticle
Coupling in f-5/-2 Nuclei. Nucl. Phys. A239 (1975) 33 3. (mixing ratio (E2/M1) for gamma -transitions, gamma-ray
emission probabilities)

1975We08 Wender, S. A.; Cameron, J. A.: Integral Rotation of 3/2 - Levels in 65Zn and 67Zn. Nucl. Phys. A241
(1975) 332. (Mixing ratio (E2/M1) for gamma-transitions, gamma-ray emission probabilities)

1977Lal9 Larkins, F. P.: Atomic Data and Nuclear Data Tables, 20 (1977) 313 (Auger electron energies)

1
KRI/V.P. Chechev, N.K. Kuzmenko 80 Mar. 2004



Comments on evaluation Ga

1978Du04 Duffait, R.; Charvet, A.; Chery, R.: Low-Spin States in 67Zn. Phys. Rev. C17 (1978) 2031.

(Gamma-ray energies)

1978La21 Lagoutine, F.; Legrand, J.; Bac, C. : Int. J. Appl. Radiat. Isotopes 29 (1978) 269. (Half-life)

1978L006 Lornie, P. R. G.; Kogan, A.; Jones, G. D.; Nixon, M. R.; Price, H. G.; Wadsworth, R.; Twin, P. J. (1978):
Gamma-Ray Studies of the Odd -Parity States in Zn Isotopes. II.Levels Below 2.0 MeV in Excitation Energy in
67Zn. J. Phys. (London) G4,923. (mixing ratio (E2/M1) for gamma-transitions)

1978Mel0 Meyer, R. A.; Prindle, A. L.; Myers, W. A.; Hopke, P. K.; Dieterly, D.; Koops, J. E.: Multiparticle
Configurations in the Odd -Neutron Nuclei 61Ni and 67Zn Populated by Decay of 61Cu, 67Cu, and 67Ga. Phys.
Rev. C17 (1978) 1822. (Half-life, gamma-ray energies and emission probabilities)

1978R022  Rosel, F.; Fries, H. M.; Alder, K.; Pauli, H. C.: Atomic Da ta and Nuclear Data Tables, 21 (1978) 91
(Internal conversion coefficients)

1979De42 Debertin, K. et al.  : Int. J. Appl. Radiat. Isotopes 30(1979)551.  (Half-life and X- and gamma -ray
emission probabilities)

1980Ho17 Houtermans, H.; Milosevic, O.; Reichel, F.: Int. J. Appl. Radiat. Isotopes 31(1980)153. (Half-life)
1982HoZJ Hoppes, D. D.; Hutchinson, J. M. R.; Schima, F. J.; Unterweger, M. P. (1982): Nuclear Data for =~ X- or
Gamma-Ray Spectrometer Efficiency Calibrations. In: NBS-SP-626, p 85. (Half-life)

1987Table Lagoutine, F.; Coursol, N.; Legrand, J. : Table de Radionucleides. ISBN -2-7272-0078-1. LMRI, 1982-
1987, BP 52, 91 191 Gif-sur-Yvette Cedex, France (energy of Auger electrons)

1988Be55 Begzhanov, R. B.; Azimov, K. Sh.; Ilkhamdzhanov, N. A.; Magru  pov, R. A.; Mirakhmedov, Sh. A_;
Mukhammadiev, A.; Narzikulov, M.: Probability of K Capture in the Decay of 67Ga at Levels of 67Zn. Bull. Acad.
Sci. USSR, Phys. Ser., 52(11) (1988) 88. (Experimental PK values)

1990Mel5 Meyer, R. A.: Multigamma -Ray Calibration Standards. Fizika (Zagreb) 22 (1990) 153. Part 1(Gamma-
ray energies and emission probabilities)

1991Bh06 Bhat, M. R.: Nuclear Data Sheets Update for A = 67. Nucl. Data Sheets 64 (1991) 875. (Decay scheme)
1991HiZZ Hirshfeld, A. T.; Hoppes, D. D.; Schima, F. J. (1991): A Direct Measurement of the Probabilities of
Gamma Rays Following the Decay of 67Ga. (Priv. Comm.) (Gamma-ray emission probabilities)

1992Un01 Unterweger, M. P.; Hoppes, D. D.; Schima, F. J.: Nucl. Instrum. Methods. A312 (1992) 349. (Half-life)
1994KA08 Kafala, S. I.; MacMahon, T. D.; Gray, P. W. (1994): Testing of Data Evaluaiton Methods. Nucl.
Instrum. Methods Phys. Res. A339, 151.(Evaluation technique)

1995Au04 Audi, G.; Wapstra, A. H. : Nucl. Phys. A595 (1995) 409.(Q value)

1996Sc06 Schonfeld, E.; Janben, H.: Nucl. Instr. Meth. Phys. Res., A369 (1996) 527 (Atomic data)

1998At04  Attie, M. R. P.; Koskinas, M. F.; Dias, M. S.; Fonseca, K. A.: Appl. Radiat. Isot. 49 (1998) 1175
(Internal conversion electron intensities)

1998Sc28 Schonfeld, E. : Appl. Rad. Isotopes, 49 (1998) 1353.(Fractional electron capture probabilities)
2000Hel4 Helmer, R. G.; van der Leun, C.: Recommended Standards for gamma -Ray Energy Calibration (1999).
Nucl. Instrum. Methods Phys. Res. A450, 35 (2000) ( g-ray energies)

2000Si03  Simpson, B. R. S.; Ntsoane, T. P. (2000) : Decay scheme of 67Ga. Appl. Rad. Isotopes, 52 (2000) 551
(Internal conversion electron intensities, electron capture branching ratio to the ground state)

2002Un02 Unterweger, M. P. : Appl. Rad. Isotopes 56(2002)125 (Half-life)

2003Schrader Schrader, H. : Appl. Rad. Isotopes 60,2-3 (2004) 317 (Half-life)

2003Silva da Silva, M. A. L.; de Almeida, M. C. M.; da Silva, C. J.; Delgado, J. U.: Appl. Rad. Isotopes 60,2 -3
(2004) 301 (Half-life)

181
KRI/V.P. Chechev, N.K. Kuzmenko 8 Mar. 2004






. 75
Comments on evaluation Se

>Se - Comments on evaluation of decay data
by V. Chisté and M. M. Be

1 Decay Scheme

>Se disintegrates 100 % by electron capture to excited levels and to the ground state of "As.

A good agreement was found between the effective Q value (860 (18) keV) calculated from the decay scheme
data and the adopted and recommended value from the mass adjustment of Audi (2003Au03).

2 Nuclear Data
The Q value is from Audi and Wapstra (2003Au03).

Level energies, spins and parities are from the mass-chain evaluation of A. R. Farhan and B. Singh
(1999Fa05).

Experimental "°Se half-life values (in days) are given in Table 1:
Table 1: Experimental values of "°Se half-life.

Reference Experimental value (d) Comments
H. N. Friedlander (1947Fr08) 115 (5) Outlier
W. S. Cowart (1948C007) 127 (7) Outlier
J. M. Cork (1950C058) 128 Not used: no uncertainty.
H. M. Wright (1957Wr37) 119.9 (6) Outlier
H. T. Easterday (1960Ea02) 120.4 (2) Outlier
F. Lagoutine (1975Lal6) 118.45 (25) Outlier
M. J. Martin (1976MazZW) 120 (1) Outlier
H. Houtermans (1980H017) 119.779 (4)
U. Schétzig (1980Sc07) 119.76 (5)
D. D. Hoppes (1982H0ZJ) 119.80 (7)
A. lwahara (19941w04) 119.0 (5) Outlier
M. He (2002He19) 115.0 (117) Not used
M. P. Unterweger (2002Un02) 119.809 (66)
Recommended value 119.781 (24) X2 =0.14

The value in 2002He19 was omitted because this value is just a verification of how good their experimental
set-up was. The first 6 values (1947Fr08, 1948Co07, 1957Wr37, 1960Ea02, 1975Lal6, 1976MaZW) and the
Iwahara value (19941w04) have been shown to be outliers, based on the Chauvenet’s criterion and thus were
omitted in the final calculation. With the 4 remaining values (1980Ho017, 1980Sc07, 1982Ho0ZJ and
2002Un02), a weighted average was calculated using the LWEIGHT computer code (version 3). The largest
contribution to the weighted average comes from the value of Houtermans (1980H017), amounting to 63 %.
The LWEIGHT increases the uncertainty of 1980H017 value from 0.004 to 0.034 in order to reduce its
relative weight from 63 % to 50 %.

The adopted value is the weighted average of 119.781 d with an internal uncertainty of 0.024 d. The reduced-
x? value is 0.14.

2.1 Electron Capture Transitions

The energies of the electron capture transitions have been obtained from the Q(EC) value (2003Au03) and the
level energies given by A. R. Farhan (1999Fa05).

LNHB/V. Chisté, M. M. Bé 183 Aug. 2009



. 75
Comments on evaluation Se

The adopted electron capture transition probabilities and associated uncertainties were deduced from the y
transition probability balance at each level in the decay scheme.

The partial sub-shell capture probabilities given in this section were calculated using the computer program
EC-Capture.

2.2 y Transitions

The y transition probabilities were deduced using the y-ray emission intensities and the relevant internal
conversion coefficients (see 5.2 Gamma Emissions).

Table 2 shows the multipolarities (no mixing ratios given) of y transitions, deduced from the conversion
coefficient (1999Fa05) analysis.

Table 2: Multipolarities of y transitions.

Multipolarity E, (keV)
El 121.1155 (11), 136.0001 (6), 400.6572 (8),
[E2] 80.9365 (15), 373.61 (24), 556.90 (18), 821.56 (18)
E2 96.7340 (9)
E3 303.9236 (10)
[M1, E2] 249.3 (3), 419.1 (4), 468.6 (4), 542.02 (18), 617.8 (4)
M1 (+E2) 14.8847 (13)
M2 + (E3) 24.3815 (14)

For (M1 + E2) vy transitions (66-, 198-, 264-, 279- and 572-keV), the mixing ratios (5) are given in Table 5,
they were deduced by comparison between experimental values of K internal conversion coefficients and the
theoretical values calculated using the Bricc computer code (2008Ki07).

Since the y transitions with E, = 121- and 136-keV were determined to be pure E1, their o coefficients can

be interpolated from theoretical values and then used to deduce the a coefficient of the 264-keV y-ray which
has been used as the reference line in all the measurements. Then:

o (136) x 1, (136)

ay (264) =
Icek (136)
and
oy (121) x Iy(121)
a (264) =
lcex (121) (see Table 4)
where:

— lcex is the weighted average of the experimental values of the relative conversion electron intensities shown
in Table 3a (2" and 3" columns, respectively);

— I, is the weighted average of the experimental values of the relative y-ray emission intensities given in Table
8 (see 5.2 Gamma Emission).
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Table 3a: Experimental and recommended values of relative conversion electron intensities (Icex) and photon
(1,) intensities for (M1 + E2) y-rays.

Energy (keV) 121 136 66 198 264 279 572
Reference
1955Sc09 173 (14) 420 (34) 68 (10) 6.4 (9) 100 53 (7)
1959Me76 377 (20) 100 53.6 (16)
1960De06 180 (12) 450 (30) 80 (12) 6.8 (10) 100 63 (5)
1960Gr03 154 (5) 384 (13) 73.7(49) | 7.30(37) | 100 49.2 (33) 0.055 (22)
1961Ed02 187 (15) 378 (30) 99 (12) 7(1) 100 53 (5)
1965Br19 167 (26) 520 (70) 7.0(12) 100 52 (7)
1970Pa25 174 (17) 399 (32) 72.3(10) | 7.36 (41) | 100 52.5 (23) 0.0099 (9)
2005Ra29 169.91 (27) | 377.94 (41) | 88.47 (20) | 6.41 (5) 100 42.93 (22) 0.0103 (34)
Recommended lcex | 169.88 (42) | 377.95 (41) 81 (8) 6.44 (7) 100 53.2 (12) 0.0100 (13)
2 2.4 0.08 75 1.9 0.05 2.1
Recommended I, 28.7 (6) 97.8(34) | 1.792 (34) | 2.48 (10) 100 42.36 (6) 0.06165 (49)
v’ 4.16 5.08 6.07 4.43 0.51 1.43

Table 3b: Experimental and recommended values of relative conversion electron intensities lcex and photon
(1,) intensities for additional (M1 + E2) y-rays.

Energy (keV) 24 80 96 303 400 419 556 617
Reference
19555¢09 ~8.1(7) |~720(60)*| 15.6(13) 3.6 (5)
1959Me76 15.4 (9) 3.6 (4)
1960De06 14 (3) 940 (60) 16 (1) 3.8(3)
1960Gr03 1250 (150) 7 (1) 645 (32) 16.1 (9) 3.76 (28)
1961Ed02 753 (60) | 17.2(17) 3.8 (3)
1965Br19 750 (110) | 17.0 (26)
1970Pa25 724 (19) 16.6 (5) 3.71 (4) 0.006 6 (7) 0.000 85 (9)
2005Ra29 1010 (1) 4.04 (4) 502 (1) 16.4 (8) 3.98 (4) 0.0120(4) | 0.0095 (32) | 0.0011 (4)
Recommended lcgx | 1010.0 (16) | 5.9 (18) 610 (110) | 16.16 (29) | 3.84 (13) 0.006 8 (9) | 0.009 5 (32) | 0.000 86 (9)
% 2.6 6.2 12 0.45 3.9 1.8 0.37
Recommended I, | 0.046 (11) | 0.0161(9) | 5.71(12) |2.2267 (44) | 19.384(36) | 0.0206 (11) | 0.0047 (2) | 0.007 71 (9)
2 456 1.13 13.53 0.80 1.5 5.03 0.179
* Not used
Table 4: Determination of akosa.
Energy (keV) lcex (%) |y (%) (07% (by B”CC) OlK264
121 169.88 (42) 28.7 (6) 0.037 2 (6) 0.006 28 (17)
136 377.95 (41) 97.8 (34) 0.026 3 (4) 0.006 81 (26)
Adopted 0.006 44 (24)

The adopted ax coefficient for the 264-keV v transition is 0.006 44, weighted average with an external
uncertainty of 0.000 24 and a reduced-y? of 2.87.

Table 5 shows the final results of experimental oy (deduced using oz = 0.006 44 (24)), together with
mixing ratios o (deduced from a comparison between experimental (column 2) and theoretical (column 5,
calculated with the Brlicc computer code) ak values.
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Table 5: Recommended conversion coefficients and mixing ratios.

E, (keV) lcex/l, | ak experimental o ok theoretical Multipolarities
(= (o264 * Icex/1,)) | (mixing ratio) (given by Brlcc)

24 22 (5) 10° 141 (34) 165.4 (24) M2 + (E3)
66 45.2 (45) 0.291 (31) 0.121 (33) 0.29 (3) M1+ E2
80 370 (110) 2.4 (7) 1.486 (21) [E2]
96 107 (19) 0.69 (13) 0.772 (11) E2
198 2.60 (11) 0.016 7 (9) 0315 (39) 0.016 7 (9) M1 + E2
264 1 0.006 44 (24) -0.10 (7) 0.006 46 (25) M1 + E2
279 1.256 (28) 0.008 09 (35) -0.578 (44) 0.008 1 (4) M1 + E2
303 7.26 (13) 0.046 7 (19) 0.046 9 (7) E3
400 0.198 (7) 0.001 28 (6) 0.001 202 (17) E1l
419 0.330 (47) 0.002 13 (31) 0.003 0 (10) [M1,E2]
556 2.0(7) 0.013 0 (44) 0.001 628 (25) [E2]
572 0.162 (21) 0.001 04 (14) 0.19 (1) 0.001 04 (1) M1+ E2
617 0.112 (12) 0.000 72 (8) 0.001 03 (18) [M1,E2]

Then, for all y transitions, the adopted detailed and total internal conversion coefficients (ICC) and associated
uncertainties have been obtained using the Brlcc computer program with “the frozen orbital approximation”
(2008K:i07).

3 Atomic Data

Atomic values, ok, @, and nx_ and X-ray and Auger electron relative probabilities are from Schénfeld and
JanPen (1996Sc06).

4 Electron emissions

The conversion electron emission probabilities were deduced from ICC values and y-ray emission
probabilities.

5 Photon Emissions

5.1 X-rays

The X-ray absolute intensities were deduced from the decay data using the EMISSION computer code and are
compared in Table 6 with measured values found in the literature. A good agreement has been found between
the experimental and our values deduced from decay scheme.

Table 6: Experimental and recommended (calculated) values of X-ray absolute intensities.
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1966Ra09" | 1970Pa25 | 1974Ca29" | 1983Si25 | 1992Sc09 | 1996Sa22 | 2000Zhan | Recommended
g
K x-ray | 55.5(14) | 53.1(15) | 53.5(29) | 57.5 (13) | 54.7 (11) | 58.3 (14) | 55.6 (12) 56.0 (13)
Ko X-ray 49.2 (13) | 47.6 (11) 48.3 (10) 48.4 (13)
Kp x-ray 8.25 (24) | 7.13 (17) 73(2) 7.58 (25)

*Using normalization factor of 0.5875 (19) (see Table 7, 5.2 Gamma Emissions)
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5.2 Gamma emissions
The energies of the y-rays given in section 5.2 are from A. F. Farhan (1999Fa05).
The experimental relative y-ray emission intensities from "*Se have been obtained from all the available

relative and absolute values. The normalization factor to convert relative y-ray emission probabilities to

absolute values is from a weighted average of measured absolute values for the 264-keV y-ray absolute
intensity.

Table 7: Experimental 264-keV absolute gamma-ray emission intensities.

References Experimental values
Y. Yoshizawa (1983Y003) 0.580 (9)
U. Schétzig (1992Sc09) 0.5950 (54)
H. Miyahara (1994Mi22) 0.5870 (17)
Recommended value 0.5875 (19), x> =1.35

The experimental y-ray emission probabilities relative to 100 for the 264-keV y-ray are given in Table 8.
Our recommended relative and absolute y-ray emission probabilities are given in Table 9.

The adopted values are the weighted means calculated by the LWEIGHT program (version 3) with the
following restrictions:

*: Discrepant data set, omitted from analysis.

@: data set already taken into account in 1987JeZZ, then these references have been omitted from the
analysis.

: the experimental value has been shown to be an outlier value by the Lweight program.
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Table 8: Experimental data sets of the relative y-ray emission intensities (%) (cont. next page).
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Energy (keV) 14 24 66 80 96 121 136 198 249 264
Reference

1955S¢09 1.8(1) 6.6 (15) 28 (5) 94 (12) 100
1958Va02 2.1(8) 5.8 (6) 24.5 (30) 76 (5) 3.6 (4) 100
1959V030 100
1960De06 28 (5) 86 (15) 100
1960Gr03 1.53 (15) 5.5 (3) 27.9 (13) 96 (5) 2.6 (2) 100
1961Ed02 1.63 (6) 5.57 (18) 28.0 (6) 95.5 (18) 2.4 (1) 100
1965Br19 30 (10) 130 (40) 100
1966Ra09 1.64 (5) 5.53 (16) 27.8 (8) 94.9 (20) 2.28 (5) 100
1969Ral12 1.4 (4) 4.83 (10) 29.2 (29) 96.0 (96) 2.25(23) 100
1970Pa25 0.044 (6) 1.72 (4) 0.015 (3) 5.12 (10) 27.7 (5) 95.0 (18) 2.38 (7) 100
1970Nal4 1.54 (8) 5.43 (16) 28.5 (9) 94.0 (28) 2.78 (14) 100
1971Ge07 1.77 (1) 5.6 (5) 28.2 (14) 98.3 (46) 2.43 (12) 100

1971Pr07 0.032 (10)
1973Sul0* 0.97 (6) 4.7 (2) 25.4 (12) 90.3 (28) 2.5 (1) 100
1973Te06 2.0 (5) 5.0 (5) 25.8 (25) 94.6 (82) 22(2) 100
1973Th07 0.034 (6) 0.063 (8) 1.50 (15) 0.011 (3) 5.4 (4) 26.7 (30) 95.7 (70) 2.59 (20) 100
1974Ca29 0.036 (4) 100
1977Gel2 1.86 (11) 5.90 (35) 29.8 (13) 102.0 (30) 2.53 (11) 100
1978Pr08 0.065 (8) 1.46 (20) 0.012 (4) 5.22 (20) 27.1 (40) 95.5 (60) 25(4) 100
1983Y003 5.78 (17) 29.24 (32) 99.2 (10) 2.51(4) 100
1984Si06 0.052 (9) 1.91 (3) 0.014 (4) 29.96 (26) 102.5 (10) 2.52 (6) 100
1987JeZZ - n°1 0.045 (6) 1.850 (31) 5.93 (8) 29.23 (19) 99.9 (5) 2.518 (16) 100
1987JeZZ - n°2 0.127 (12)* 1.82(7) 5.68 (19) 29.1(9) 96.3 (28) 2.52(9) 100
1987JeZZ - n°3 1.76 (9) 6.13 (22) 279 (9) 94.6 (30) 2.25(9) 100
1987JeZZ - n°4 1.95 (6) 6.47 (19) 29.2 (5) 99.9 (14) 2.568 (35) 100
1987JeZZ - n°5 29.3(7) 99.9 (13) 2.48 (6) 100
1987JeZZ - n°6 1.78 (7) 5.41 (16) 28.5 (7) 95.9 (27) 2.38 (6) 100
1987JeZZ - n°7 2.00 (18) 5.13 (33) 30.0 (13) 99.5 (40) 2.53 (10) 100
1987JeZZ - n°8 1.860 (22) 5.790 (42) 28.65 (18) 98.2 (6) 2.509 (20) 100
1987JeZZ - n°9 1.960 (41) 5.63 (5) 28.96 (18) 99.9 (6) 2.581 (16) 100
1987JeZZ - n°10 0.0446 (20) 1.910 (25) 5.91 (7) 29.16 (33) 99.7 (11) 2.534 (28) 100
1987JeZZ - n°11 1.940 (34) 5.88 (8) 29.43 (32) 100.4 (11) 2.514 (28) 100
1987JeZZ - n°12 1.88 (1) 5.830 (22) 29.31 (11) 101.2 (3) 2.586 (11) 100
1987JeZZ - n°13 1.950 (24) 5.91 (6) 29.24 (29) 99.4 (12) 2.500 (35) 100
1990An07¢ 1.962 (29) 5.93 (9) 29.24 (41) 100.0 (17) 2.50 (5) 100
1990Mel5 0.0460 (46) 1.87(9) 0.0190 (41) 5.71 (35) 29.8 (15) 100 (6) 2.54 (24) 100
1990Wa09? 1.960 (49) 5.91 (12) 29.1 (6) 99.5 (20) 2.50 (6) 100
19925c099 0.0446 (20) 1.910 (25) 5.91 (7) 29.16 (33) 99.7 (11) 2.534 (28) 100
1994Bh07* 0.003 (2) 0.056 (6) 1.912 (3) 0.013 (4) 30.1(9) 102.3 (11) 2.51(8) 100
1994Mi22 5.779 (45) 29.76 (19) 100.2 (6) 2.555 (20) 100
1997L010 28.05 (27) 98.41 (36) 2.58 (7) 100
2005Ra29 0.035 (1) 0.035 (1) 1.79 (1) 0.017 (1) 5.10 (4) 27.40 (22) 94.1 (8) 2.42 (2) 0.0067 (2) 100
Evaluated 0.035 (1) 0.046 (11) 1.792 (34) 0.0161 (9) 5.71 (12) 28.7 (6) 97.8 (34) 2.48 (10) 0.0067 (2) 100

¥ 0.027 4.56 6.07 1.13 13.53 4.16 5.08 4.43
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Energy (keV) 279 303 373 400 418 468 542 557 572 617 821
Reference
1955S¢09 45.7 (40) 2.0(5) 24.8 (25)
1958Va02 52 (5) 28 (2)
1959V030 44.1 (44) 3.2(12) 22.7 (15) 0.068 (46)
1960De06 42.5 (20) 2.15 (30) 23(2)
1960Gr03 41.0 (25) 2.5(3) 22.3 (23) 0.18 (6)
1961Ed02 42.2 (6) 2.29 (14) 19.5 (6)
1965Br19 53 (15)
1966Ra09 43.0 (9) 2.39 (5) 22.3(5) 0.0322 (6) 0.0636 (13) 0.00777 (15)
1969Ral12 41.3 (41) 2.06 (21) 19.2 (19) 0.020 (3) 0.053 (8) 0.0076 (10)
1970Pa25 42.0 (8) 2.19 (7) 20.4 (5) 0.023 (2) 0.0010 (5) 0.063 (2) 0.0075 (2)
1970Nal4 41.9 (13) 2.20 (11) 19.5 (6)
1971Ge07 43.2 (22) 2.31(12) 19.6 (12)
1971Pr07 0.00054 (18) 0.000216 (10)
1973Sul0* 42.5 (15) 2.20 (8) 19.0 (6) 0.0140 (16) 0.054 (3) 0.0075 (31)
1973Te06 40.0 (22) 19.6 (7)
1973Th07 42.1(8) 2.11 (30) 18.0 (4) 0.017 (3) 0.048 (5) 0.059 (7)
1974Ca29
1977Gel2 42.4 (18) 2.21(7) 19.1 (6)
1978Pr08 42.6 (8) 2.3(4) 0.0042 (4) 18.8 (6) 0.018 (4) 0.00062 (10) 0.00022 (4)* 0.00006 (2)* 0.050 (4) 0.0062 (8) 0.00028 (2)
1983Y003 42.43 (29) 2.234 (20) 19.42 (16) 0.0231 (21) 0.0634 (29) 0.0078 (21)
1984Si06 42.4 (4)
1987JeZZ - n°1 42.53 (23) 2.248 (13) 19.27 (13) 0.0206 (7) 0.0602 (20) 0.0072 (7)
1987JeZZ - n°2 43.9 (13) 2.25(7) 19.7 (6) 0.024 (9) 0.0625 (26) 0.0067 (10) 0.0016 (12)*
1987JeZZ - n°3 42.2 (13) 2.21(8) 19.1 (6)
1987JeZZ - n°4 42.6 (6) 2.091 (27) 19.41 (24)
1987JeZZ - n°5 42.6 (9) 2.24 (5) 19.50 (42)
1987JeZZ - n°6 424 (9) 2.23 (6) 19.17 (39) 0.0102 (32) 0.0580 (41) 0.0076 (6) 0.00030 (15)
1987JeZZ - n°7 42.6 (16) 2.24 (8) 19.5(7) 0.0154 (11) 0.0590 (34) 0.0080 (6) 0.0013 (T)*
1987JeZZ - n°8 42.48 (31) 2.234 (19) 19.60 (14) 0.0610 (18)
1987JeZZ - n°9 42.36 (22) 2.224 (12) 19.79 (10) 0.0617 (14) 0.0063 (18)
1987JeZZ - n°10 425 (5) 2.242 (25) 19.49 (22) 0.0196 (12) 0.0610 (11) 0.0078 (5)
1987JeZZ - n°11 42.4 (5) 2.220 (27) 19.08 (23) 0.0217 (5) 0.0603 (9) 0.0077 (3)
1987JeZZ - n°12 42.25 (7) 2.219 (9) 19.36 (4) 0.0247 (13) 0.067 (2) 0.0108 (12)
1987JeZZ - n°13 42.69 (37) 2.239 (22) 19.51 (17) 0.064 (3)
1990An07¢ 42.7 (5) 2.238 (31) 19.51 (24) 0.064 (5)
1990Mel5 42.2 (21) 2.23 (11) 19.5 (10) 0.0180 (31) 0.0600 (42) 0.0077 (6) 0.000220 (23)
1990Wa09® 42.4 (9) 2.25(5) 20.19 (43) 0.0209 (5) 0.0589 (12) 0.0076 (2)
19925c09@ 425 (5) 2.242 (25) 19.49 (22) 0.0196 (12) 0.0610 (11) 0.0078 (5)
1994Bh07* 42.55 (10)
1994Mi22 42.78 (25) 2.239 (18) 19.31 (12)
1997L010 43.63 (29) 2.199 (11) 18.84 (16) 0.066 (3)
2005Ra29 43.07 (34) 2.27 (2) 0.0044 (2) 20.13 (16) 0.035 (1) 0.0036 (2)* 0.00074 (1) 0.0047 (2) 0.062 (1) 0.0078 (2) 0.0015 (2)*
Evaluated 42.36 (6) 2.2267 (44) 0.00436 (18) 19.384 (36) 0.0206 (11) 0.00061 (9) 0.00074 (1) 0.0047 (2) 0.06165 (49) 0.00771 (9) 0.00028 (14)
¥ 0.51 0.80 0.2 1.55 5.03 0.38 1.43 0.179 2.85
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Table 9: Recommended relative and absolute y-ray intensities (%).
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Ey Relative Absolute Ey Relative Absolute y- Ey Relative Absolute
(keV) y-ray y-ray (keV) y-ray ray intensity | (keV) y-ray y-ray
intensity intensity intensity (%) (%) intensity (%) | intensity (%)
(%) (%)
14 0.035(1) | 0.0206 (6) | 198 2.48 (10) 1.46 (6) 418 | 0.0206(11) | 0.0121 (6)
24 0.046 (11) 0.027 (6) 249 | 0.0067(2) |0.00394(12)| 468 | 0.00061(9) | 0.000 36 (5)
66 1.792 (34) | 1.053 (20) | 264 100 58.75 (19) 542 | 0.000 74 (1) | 0.000 435 (6)
80 | 0.0161(9) | 0.0095(5) | 279 42.36 (6) 24.89 (9) 557 0.004 7 (2) | 0.002 76 (12)
96 5.71 (12) 3.35(7) 303 | 2.226 7 (44) | 1.3082 (50) | 572 | 0.061 65 (49) | 0.036 22 (31)
121 28.7 (6) 16.86 (36) | 373 |0.004 36 (18) | 0.00256 (11) | 617 | 0.007 71 (9) | 0.004 53 (5)
136 97.8 (34) 57.7 (20) 400 | 19.384(36) | 11.388(42) | 821 | 0.000 28 (14) | 0.000 134 (8)
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This evaluation was completed in January 2006.

79 %

"®Se - Comments on evaluation of decay data
by M. M.Béand V. Chisté

1. Decay scheme

The J° value and level energy are from NDS 70,3 (1993).

2. Nuclear Data

The Q value is from Audi et al. (2003)
Published values of the half life are, in years :

Historical values a

1949 Parker et al. £6.5° 10° Report ORNL- 499, p.45

1951 Glendenin 377 10° Radiochimical studies: The fission
products, C.D. Coryell, N. Sugarman,
New-York, McGraw Hill (1951) 596

Revised value

1993 B. Singh £65° 10° NDS 70,3 p. 452

M easured Values

1995 Yu Runlan, Guo Jingru et al. 484" 10° J. Radioanalytical and Nuclear Chemistry,
Articles, 196,1 p. 165

1997 Jiang Songsheng, Guo Jingru et 1.1 (2)" 10° Nucl. Instr. Methods B123, p 405

al.

2000 Ming He, Shan Jiang et al. 1.24 (19) " 10° | Nucl. Instr. Methods B172, p 177

2002 Songsheng Jiang, Ming He et al. | 2.95(38)" 10° | Nucl. Instr. Methods A489, p 195 or Chin.
Phys. Lett. 18 (2001) 746

2002 Ming He, Songshen Jiang et al. 2.80 (36) " 10° | Nucl. Instr. Methods B194, p 393

2006 Bienvenu, et al. 3.77(19)" 10° | To be published

Adopted 3.56 (40) " 10°

Assessments of the Se-79 half-life were done in the years 49-50 (Parker, Glendenin) and a value

of 6.5 10* a was accepted by the various tables and chart of isotopes.

In 1993, due to inconsistencies in the measured and calculated fission yields of "Se for an
irradiated fuel from a reactor, the calculations of Parker were review ed (Singh) and a new value of 6.5 ~
10° a (i.e. one order of magnitude more) was deduced. Hence, in 1995 a Chinese team carried out the
first measurement of this half-life by the means of a radiochemical method, they obtained 4.8 (4) ~ 10’ a.
However, and since this date, the same team, using the same "’Se source published various results (see
table above), the highest being 1.1 (2) © 10° @ (1997), and the last 2.80 (36) ~ 10° a (2002).

Only one value (the last) will be used in this evaluation.

LNE —LNHB/CEA/M .M. Bé, V. Chisté
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In NDS 96,1 (2002) B. Singh adopts the result of 2.96 (38) from the Chinese team.

In 2006, an independent result was published by P. Bienvenu et al. confirming the range 10’ a for
this half-life. In this study, the concentration of °Se was measured using ICP -MS coupled with Electro-
Thermal Vaporisation to eliminate potential isobaric interferences and, the activity was measured using
LSC after gamma ray spectrometry to check the contribution of residual radioactive contaminants.

In this evaluation, the adopted valu ¢ is the weighted mean of the last Chinese value (NIM B194)
and ofthe Bienvenu et al. value. They are in the same range but not consistent so, the adopted
uncertainty is the external uncertainty.

2.1 b emission

PSe is a pure beta minus emitter which d isintegrates directly to the ground state level of "Br, no gamma
rays are emitted.

The end-point energy is deduced from the Q value. The mean beta energy was calculated for a 1
forbidden unique transition.
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%K r — Comments on evaluation of decay data
by V. Chistéand M. M. Bé

This evaluation was completed in July 2003 and the half life value has been updated in May 2004.

1) Decay Scheme
¥Kr disintegrates by b™ emission to the *’Rb ground state (99.562(10)%) and to the second excited level

at 513.998(5) keV (0.438(10)%). The decay scheme is based mainly on the measurements of the 514 keV
g-emission intensity (see § 4. Radiation Emission, 4.2 Gamma Ray Emissions).

2) Nuclear Data
The Q value is from Audi and Wapstra (1995Au04)
Level energies, spins and parities are from R. A. Meyer (1980Me06).

The measured *’Kr half-life values are, in years:

Tin
Reference Value (a) Comments
Thode (1948Th06) 944
Turner (1953Tu22) 10.57 (14)
Wanless (1953Wal7) 10.27 (18)
Lerner (1963Le07) 10.76 (2)
Anspach (1965An07) 10.75 (3)
Johnston (1974J012) 10.714 (57)
Walz (1983Wal5) 10.702(8) Superseded by 2003Sc49

Unterweger (1992Un03) 10.7720(38) Superseded by 2002Un04
Eberszkorn (1996Er06) 10.757 (49)

Unterweger (2002Un04) 10.7756(33)

Schrader (2003Sc49) 10.724(7)

Evaluators calculated the weighted average of these 9 values using the Lweight program (version 3) as
10.750 years with an exte rnal uncertainty of 0.011 and a reduced -c* of 6.34. Evaluators rejected the
Thode (1948Th06), Turner (1953Tu22) and Wanless (1953Wal7) values based on the Chauvenet’s
criterion. For the remaining 6 values, the largest contribution to the weighted average comes from the
value of Unterweger (2002U n04), amounting to 79%. The program Lweight 3 increased the uncertainty
for the 2002Un04 value from 0.0033 to 0.0064 in order to reduce its relative weight from 79% to 50%.

The adopted value is the weighted mean :  10.752 a, with an uncertainty of 0.023 (expanded so range
includes the most precise value of Unterweger (2002Un04)) and a reduced-c* of 6.
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2.1) b” Transitions

The b™ probabilities and the associated uncertainties have been deduced from g transition probability
balance at each level of the decay scheme, i. e., Py(0,0) =99.562(10)% and Py(0,2) = 0.438(10)% . The
values of log ft have been calculated with the program LOGFT for the Allowed and 1* Unique Forbidden
transitions.

2.2) Gamma Transitions

Probabilities
The transition probabilities have been calculated from the gamma emission intensities and the internal
conversion coefficients (see § 4.2) Gamma Ray Emissions).

Mixing ratios and internal conversion coefficients
The adopted d (= 0.072(4)) for the 151 keV g@transition and the gamma transition multipolarities of the
362 keV ((E3)) and of the 513 keV (M2, from Sr ground state decay) were adopted from Sievers
(19918Si01).

The theoretical internal conversion coefficients (table 1) have been interpolated from values in 1978R022
using the ICC Computer Code (program Icc99v3a — GETICC dialog).

Table 1:

Eq (keV) Multipolarity Valueof ax |Valueofa, |Valueofar
151.18 (3) |MI + 0.52(4)% E2[0.0430(13) | 0.00485(14) |0.0488(14)

362.81 3) |(E3) 0.0292(9) 0.0040(1) 0.0340(10)
513.998 (5) [M2 0.00635(19) |0.00072(2) | 0.00721(21)

For the 151 keV ¢Htransition, the ar is calculated as follows:
ar(M1) * %M1) + ar(E2) * %(E2) = (0.00479(14) * 0.9948(4)) + (0.213(6) * 0.0052(4)) = 0.0488(14)
Calculations of | CC uncertaintiesfor transitions:

* For the all transitions, uncertainties in ~ ar, ax and ap calculated values with ICC Computer Code
(program Icc99v3a) are taken to be 3% .

3) Atomic Data

Atomic values (W, V | and ny; ) are from Schonfeld (1996Sc33).

The X-ray and Auger probabilities are calculated by Emission program.

4) Radiation emissions
4.2) Gammaray emissions

Gamma ray energies (in keV) are from R. A. Meyer (1980Me06).

Emission probability values are deduced from me asured values of the 514 keV absolute  g-emission
intensity in Table 2 and using values relative to 514-keV transition for the other gamma-rays (1980Me06)
shown in Table 3.

196
LNHB/V. Chisté, M. M. Bé Jul. 2003



Commentson evaluation

85K r

Table 2:

Reference 514 keV gremission intensity (%) | Comments

Geiger (1961Ge19) 0.46 (4)

Eastwood (1964Ea01) 0.431(17)

Denecke (1967De05) 0.435 (13)

Weighted Average (Lweight 3) 0.435 (10) Reduced-c* = 0.22
Table 3:

Energy Relative g-emission intensity measured by R. A. | Absolute g-emission intensity (%)
(keV) Meyer (1980Me06) (%)

151 0.0005 (3) 0.0000022(13)

362 0.0005 (1) 0.00000218(44)

514 100 0.435(10)

With theses values shown in table 3, and the values of ar calculated using the ICC Computer Code (table
1, section 2.2), evaluators deduced the g-transition probability (table 4).

Table 4:

Energy (keV) | Transition probability (%)
151 0.0000023(14)

362 0.00000225(45)

514 0.438(10)
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#Sr - Comments on evaluation of decay data
by E. Schonfeld, R. Dersch

1 Decay Scheme

The decay scheme is taken from Torti et al. (1972) and Meyer et al. (1980). A level at 951 keV which is
depopulated by four gamma transitions (see Section 4.3) was ob served by Barnard et al. (1973)inn, ¢
reactions. An EC transition to this level in the *’Sr disintegration would be second forbidden. An upper
limit of 3 107 was estimated for this transition. The existence of EC transitions to the levels at 281 keV
(unique third forbidden) and 151 keV (third forbidden) is also questionable.

Below the Qgc value there are also levels at 919,7 keV (possibly two levels, 1/2 = or3/2° and 5/2° ,
populated in the decay of 68 min *’Sr™ and several reactions) and 731,822 keV (3/2", populated in the
decay of 4 h ®Kr™ and several reactions). EC transitions from *’Sr ground state to these levels would be
both 3™ forbidden, grays from these levels have not been observed in the decay of *Sr.

The main transitions in the EC dec ay of *Sr are the EC transition populating the 514 keV level of *Rb
and the gtransition of 514 keV depopulating this level. Besides these transitions there is an EC transition
to the 869 keV level which is mainly depopulated by 869 keV grays.

The half-lives of the excited levels were taken from Sievers (1991). The half -life of the 514 keV level

was determined by Siekman (1956), Lobner (1964). Miller et al. (1972) and Walz and Weil3 (1976).
Sievers took the value of Miller et al. which claims to be the most accurate one.

2 Nuclear Data

The following values of the half-life of *’Sr have been considered (T, in d):

1 66 Dubridge and Marshall (1940)

2 65,0(7) Herrmann and Strassmann (1956)
3 64,0(2) Wright et al. (1957)

4 63,9(27) Sattler (1962)

5 65,19(13) Anspach et al. (1965)

6 66,6(6) Grotheer et al. (1969)

7 64,93(22) Emery et al. (1972)

8 64,68(23) Lagoutine et al. (1972)

9 65,0(49) Araminowicz and Dressler (1972)
10 65,0(50) Vatai et al. (1974)

11 64,84(3) Merritt and Gibson (1976); replaced by value 13
12 64,84(1) Thomas (1978)

13 64,845(9) Rutledge et al. (1980)

14 64,856(7) Houtermans et al. (1980)

15 64,851(6) Hoppes et al. (1982); replaced by value 17
16 64,85(14) Walz et al. (1983)

17 64,8530(81)  Unterweger et al. (1992)

18 64,847(3) unweighted mean of 12, 13, 14, 16, 17
19 64,850(7) LWM (0,004 (int), 0,003(ext), reduced ¢* 0,46), uncertainty enlarged

to the uncertainty of the most accurate single value for the same five values
Values 1 - 11 are only of historical interest. They were not included in the averaging procedure.
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The Qgc value was taken from Audi and Wapstra (1995).

2.1  Electron capture Transitions

The main EC transition €3 to the 514 keV level in %Rb is allowed (g ft =6,2). A transition leading

directly to the ground state (&) is unique 1* forbidden. The transition probability of this transition was

estimated by Yoshizawa and Inoue (1991) by using the average lg ft value (according to Gove and Martin
(1971)) of 9,47 % 0,17 for seven neighbouring nuclei with uncertainty of 2 S. Their result is 0,8(4)%.

The probability for the EC transition &4 is deduced from the probabilities of the depopulating g ray
transitions. Concerning EC transitions &), and & ; see Section 1. The data for the population and
depopulation of the 151 keV level are discrepant as Pgice(4,1) + Pgice(3,1) + Pgiee(2,1) 1s larger than

Pgice(1,0). This can be explained (for example) by a too small value for Pg..(1,0). Moreover, it supports
the assumption that an EC transition to the first excited level of *’Rb at 151 keV does not exist.

Double K shell ionization was found by Schupp and Nagy (1984) 6,0(5) 10 per disintegration.

2.2 Gamma Transitions

The transition probability of 0,8(4)% for the EC transition directly feeding the ground state of *Rb
yields for Pg.(514 keV) = 99,2(4)%. Furthermore, with the total conversion coefficient of the 514 keV
transition 1(514) = 98,5(4)%. The transition probabilities of the other gamma transitions are derived
from the measured emission probabilities (Sect. 4.2).

The conversion coefficients are interpolated from the tables of Rdsel et al. (1978). The main transition
O is assumed to have pure M2 multipolarity. The conversion coefficients of the other transitions have
little influence on the balancing procedure because the emission probabilities of the assigned transitions
are very small.

3 Atomic data
The atomic data are taken from Schonfeld and JanBBen (1996).
3.1 X Radiation

The energies are based on the wavelengths of Bearden (196 7). The relative probabilities are taken from
Schonfeld and JanBen (1996).

3.2 Auger electrons

The energies are taken mainly from Larkins (1977). The relative probabilities are taken from Schonfeld
and JanBen (1996).

4 Radiation Emission

41  Electron emission

The energies of the Auger electrons are the same as above. The energies of the conversion electrons are
calculated from the transition energy and the binding energies. The number of Auger electrons per
disintegration are calculated using the above mentioned atomic shell data and the program EMISSION.
The number of conversion electrons related to the 514 keV gtransition are calculated from the transition
probability and the conversion coefficients.

4.1 X-ray emission

For the total K X-ray emission intensity, it was found three measured values :
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1 59,59(35) Grotheer et al. (1969)

2 58,6(3) Bambynek and Reher (1970)

3 58,66(47) Thomas (1978)

4 59,04(34) Weighted mean

5 58,95(32) Unweighted mean

6 59,2 (6) calculated from Pe, Pk, W, Pgice

This is the adopted value.
4.2  Photon Emission

The accuracy of the gray energy of the main line has improved during the last years, in keV :

1 514,0 Sattler (1962), Vartanov (1966)

2 513,98(3) Legrand et al. (1968)

3 513,998 Ragaini et al (1972), Meyer et al. (1980)

4 514,009(12) Helmer et al. (1978)

5 514,0076(22) Kumabhora et al. (1983)

6 514,00492(50) Chang et al. (1993)

7 514,0048(22) Helmer and van der Leun (2000), evaluation

The gray energies of the other transitions are taken from Sievers (1991).
From the balance of the decay scheme Py, (514 keV) is calculated to be 99,2(4)%.

The ratio of the emission probabilities of the 869 keV and the 514 keV transitions were determined to be:

1 1,710 Sattler (1962)

2 1,0(2)10™ Vartanov et al. (1966)
3 1,42y10™ Vatai et al. (1974)

4 1,154(63)10™ Pratt (1977)

5 1,25(5y10*  Thomas (1978)

6 1,25(5y10"  Meyer et al. (1980)

7 1,23(3)10"  LWM of values 2 - 6

With the above-mentioned 1(514) = 98,5(4) % this yields [(869) = 0,0121(4) %.

Barnard et al. (1973) have observed in (n,n’ @) measurements a level at 951,3 keVin  *Rb which is
depopulated by the following gamma transitions: 951,3 keV (86 %), 800,2 keV (9 %), 670,3 keV (4 %)
and 437,7 keV (1 %). If this level with the populated in the *Sr decay, the corresponding EC transition is
second forbidden (9/2+ ® 5/2+; Ig ft > 11,2; transition energy 114(4) keV). Meyer et al. (1980) observed
a 951 keV gamma ray in two spectra with high counting statistics and est imated an upper limit of 3 10~
for the emission probability of these gamma rays.

Levels at 731,9 keV (3/2 -) and 921 keV (1/2 -, 3/2-) in *Rb have not been found to be populated in the
studies of the *’Sr decay carried out by Meyer et al. (1980).

A level in *Rb at 281 keV, found by Barnard et al. (1973), is depopulated according to Meyer et al.
(1980) by 1298 keV gamma rays with an emission probability of <5 10”. As this is an upper limit the
existence of this transition is not sure. Therefore, the population and depopulation of this level is given in
the above decay scheme by dashed lines.

The gamma ray emission intensities in Table 5.2 and the corresponding values of the transition
probabilities Pg.. given in Table 2.2 are from Meyer et al. (1980) (129,8/151,1/355,0/362,8 keV)
whereas the value for the 717,8 keV gamma rays is from Jerbic -Zorc (1990). The origin of the values for
the 514 keV and 869 keV gamma rays were already explained above.
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5 Main Production M odes
The main production modes are taken from Sievers (1991).
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%y — Comments on evaluation of decay data
by E. Schénfeld

This evaluation was completed by E. Schonfeld (PTB) in November 1998.
The half-life evaluation was updated by M.-M Bé (LNHB) in February 2003.

1 Decay Scheme

Below the Q-value of 3622,6 ke V there are two additional levels at 3486,6 and 3523,6 keV (both
probably 2+). They are not shown in the decay scheme because they are not populated in the
disintegration of *Y. Ardisson et al. (1974) did not found the 3523,6 keV level but they confirmed the

3584,7 keV level which is populated in the  **Y decay. Up to now these levels were observed only in
other disintegration processes, for example in the decay of *Rb (17,78 min).

An ECor b transition to the ground state of ~ **Sr was also not observed. This is due to the high
forbiddeness of such a transition (4" ® 0). Thus, the decay scheme shown above is almost complete.

The half-lives of the excited levels and the lg ft values were taken from Miiller (1988).

2 Nuclear Data

The following measured values of the half-life were taken into consideration :

Reference Value (indays) Uncertainty Comments

DuBridge (1940) 105 5 Omitted, too large uncertainty
Peacock (1948); Lazar (1956) 104 Omitted, no uncertainty
Ramaswamy (1960) 105 Omitted, no uncertainty
Wyatt (1961) 108,1 0,3 Omitted, outlier

Anspach (1965) 106,52 0,03 Replaced by Hoppes
Anspach (1965) 106,67 0,03 Replaced by Hoppes
Grotheer (1969) 108,4 0,9 Omitted, outlier

Lagoutine (1975) 106,6 0,4 Superseded by Amiot
Bormann (1976) 107,1 1,4

Konstantinov (1977) 107,15 0,65

Houtermans (1980) 106,612 0,032 Original uncertainty = 0,014
Debertin (1982) 106,64 0,08 Superseded by Walz
Hoppes (1982) 106,64 0,05 Superseded by Unterweger
Walz (1983) 106,66 0,06

Unterweger (1992) 106,626 0,044

Martin (1997) 106,65 0,13

Amiot et al. (2003) 106,63 0,05

Recommended value 106,626 0,021

An analysis of these values was done using the “Limitation of relative statistical weight”
program. The first three values have been omitted from the analysis, the Grother and Wyatt’s (Grother et
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al., 1969) value have been omitted as outliers as suggested by Chauvenet’s criterion (Chauvenet, 1976)
and the uncertainty on the Houtermans’s value (Houtermans et al., 1980) has been increased to 0,032 to
ensure that its value has the same "weight" as the most recent values. The reduced c* of this set of data is
0,22. Finally, the recommended value is the weighted mean of the seven remaining values.

The Q-value is taken from Audi and Wapstra (1995).

21 Electron Capture Transitions

The fractional capture probabilities Py, Pr, Py were calculated on the basis of the paper of Schonfeld
(1998). The corresponding values for the transition €); have been estimated by the evaluator.

2.2 Positron Transitions

A positron transition to the ground state was not observed. However, sufficient energy for a positron
transition is available for a transition to the 1836 keV level. The maximum energy of these positrons
were determined to be 767,1(10) keV by Barkov et al. (1974) while there emission probability were
determined to be 0,00203(16) per disintegration by the same authors. The corresponding EC/ b" ratio was
found to be 26(3) which agrees with the theoretical value of 25,6(8) for an unique first forbidden
transition interpolated from the table of Gove and Martin (1971). For the value given for the positron
emission probability in Table 2.2, the theoretical value was used. The maximum beta energy of the
b'spectrum was found by Antonewa et al. (1974) to be 764,6(15) keV corresponding to a Q value of
3622,6(15) keV.

23  GammaTransitions
The level differences have been calculated from the gamma ray energies (Table 4.2) and the recoil
energies. The probabilities Py, were calculated from the gamma ray emission proba bilities and the total

conversion coefficients. The multipolarities were taken from Miiller (1988).

Conversion coefficients were measured as follows:

ax a, K/L+M+...
898 keV 0,000301(21) [1] 0,000345(24) [1] 7,0(5) [1]
El 0,00025(3) [2] 0,00028(3) [2] 8,0(2) [2]
0,00034(7) [3]
0,00027 [4]
0,00028(2) [5] 0,00032(3)  [5]
0,000274 [6] 0,000310 [6] 7,6 [4]
0,000277(20) [7] 0,000315(23) [7] 7,3 [5]
1836 keV 0,000124(16) [2] 0,000140(16) [2] 7.83) [2]
E2 0,00017(4) [3]
0,00013 [4]
0,000146 [6]
0,000135(14) [7] 0,000152(15) [7] 7,93) [7]

[1] Hamilton et al. 1966
[2]  Allan 1971

[3] Metzger and Amacher (1952)
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[4] Peacock and Jones cited in [2]

[5] weighted mean of [1] and [2]

[6] theory, interpolated from the tables of Rosel et al. (1978)
[7] adopted value

All the other conversion coefficients were interpolated from the tables of Rosel et al. (1978).

The mixing ratio parameter for the 898 keV transition has been evaluated in the basis of four publications
by Miiller (1988) to be d= - 0,002(9), i. e. this transition is an almost pure E1 transition. For the 1382
keV transition, d was found to be 0,057(18) corresponding to 99,7 % M1 and 0,3 % E2. As the
conversion coefficients for these multipolarities are very close together (a; = 0,000287 for E2 and
0,000292 for M1) the uncertainty of this mixing ratio has a very sm all influence on the finally adopted
value for the conversion coefficient of this transition.

The internal pair creation coefficients were determined experimentally by Allan (1971) as follows:
1836 keV a, =0,00023(3) in good agreement with the theoretica 1 value of 0,00023 for E2

multipolarity

2734 keV a, =0,00033(5) in fair agreement with the theoretical value of 0,00044 for E3
multipolarity

3 Atomic data

The atomic data are taken from Schonfeld and JanBen (1996).
31 X Radiations

The energies are based on the wavelengths of Bearden (1967). The relative probabilities have been taken
from Schonfeld and JanfBen (1996). The relative probability of the L X rays is calculated from the
absolute value setting P (K, )= 1.

3.2 Auger Electrons
The energies are taken from the compilation of Larkins (KLL, KLX) or estimated by the evaluator

(KXY). The relative probabilities of K Auger electrons are taken from Schonfeld and JanBen (1996). The
relative probability of the L Auger electrons is calculated from the absolute value setting P(KLL) = 1.

4 Radiation Emissions

4.1 Electron Emissions

The energies of the Auger electrons are the same as above. The energies of the conversion electrons are
calculated from the transition energies and the bin ding energies. The number of Auger electrons per
disintegration are calculated using the above -mentioned atomic shell data and the program EMISSION
(PTB 1997). The numbers of conversion electrons per disintegration are calculated from the transition
probabilities and the conversion coefficients.

4.2 Photon Emissions

The energies of the X rays are the same as above. The number of X rays per disintegration are calculated
using the above given atomic shell data and the program EMISSION.
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The energy of the gamma radiation was determined to be (in keV)

1 1836,2(3) 898,2(4) Robinson et al. 1964

2 1836,08(7) 898,01(7) Black and Heath 1967

3 1836,17(12) - White and Groves 1967

4 1836,07(10)  897,90(10) Ramayya et al. 1967

5 1836,20(8) 898,09(5) Legrand et al. 1968

6 1836,127 898,020 Gunnink et al. 1968

7 1836,03(11)  897,99(4) Strauss et al. 1969

8 1836,030(30) 898,010(30) Kern 1970

9 1836,064(13) 898,042(4) Helmer et al. 1979

10 1836,052(13) 898,036(4) Helmer and Van der Leun 1998

88Y

Values 10 are adopted and are based on 411,80205(17) keV for the strong line emitted after the decay of

198
Au.

The energies of the other gamma rays were taken from Miiller (1988) after adjusting to the same scale.

The relative emission probabilities were determined as follows:

E 850 898 1382 1836 2734 3219

in keV

1 - 94,0(7) - 100 0,597(25) -

2 - 91 3(7) 100 0,97 0,03

3 - - - 100 0,63(4) 0,0095(3)

4 - 94,9(5) - 100 - -

5 0,066(13) 92,0(7) 0,021(6) 100 0,724(70) 0,0071(20)

6 - 92,1 - 100 0,54(9) 0,007

7 - 95,2(5) - 100 - -

8 0,030(4) 93,8(11) 0,014(3) 100 - -

9 - 94,4(3) - 100 - -

10 - 94,9(4) - 100 - -

11 - 94,8(9) - 100 - -

12 0,048(18) 94,54(22) 0,016(3) 100 0,618(25) 0,007(2)

1 Peelle (1960)

2 Shastry and Bhattacharyya (1964)

3 Sakai et al. (1966)

4 Schoétzig et al. (1973), replaced by value 11

5 Ardisson et al. (1974); upper limit for a 3522 keV line: 0,001

6 Heath (1974)

7 Debertin et al. (1977); Py= 0,946(5) for the 898 keV line from source activity and Ge(L1)
measurements, replaced by value 11

8 Antoneva et al. (1979); upper limit for a 484 keV line: 910"

9 Yoshizawa et al. (1980)

10 Hoppes et al. (1982)
11 Schotzig (1989)

12 Adopted value 898 keV: LWM of values 1, 9, 10, 11. Value 5 is classified as outlier, values 2
and 6 are not taken into account because leak of uncertainties ; reduced ¢ =0,57; 2734 keV: LWM of
values 1, 3, 5, 6, reduced ¢? = 1,2. LWM has used weighted average and ext. uncertainty.
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The normalisation factor is derived from a cut between the ground state and the first excited level

of *Sr:

Pyrel) (1 +ay) (1 +ap) Pg:cc (abs.)
0o 1836 keV 100,059 0,99379
o 2734 keV 0,618 0,00614
.o 3219 keV 0,007 0,00007

From these figures the absolute emission probability of the 1836 keV gamma ray s is calculated to be
0,9932(3) photons per disintegration and Py is found to be 0,9938(3).

5 Main production M odes
Taken from the “Table de Radionucléides”, LMRI, 1985
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895r — Comments on evaluation of decay data
by E. Schonfeld

This evaluation was completed by E. Schonfeld (PTB) in November 1999.
The half-life evaluation was up-dated by M.-M. Bé (LNHB) in November 2002.

1 Decay Scheme

Below the Q-value there are no other levels of *Y. Thus, the decay scheme is complete. Spins and parities of the
levels and lg ft values are taken from Sievers (1989). The half -life of the isomeric level at 909 keV was determined
by Yule (1967) to be 16,06(4) s and by Durrani and Koéhler (1966) to be 15,91 (17) s. The weighted mean is
16,05 (4) s. Earlier determinations were carried out by Swann and Metzger (1955) and Sattler (1962). The excited
levels of ®Y were studied by Robinson et al. (1969).

2 Nuclear Data

For the half-life evaluation the following measurements, carried out since 1954, were considered (T, in d):

Reference Value (days) Uncertainty Comments
Herrmann (1954) 50,4 0,5 Superseded by the 2™ value
Herrmann and Strassmann (1955) 50,5 0,2

Kjelberg and Papas (1956) 51 1 Omitted, outlier

Osmond and Overs (1959) 50,36 0,18

Sattler (1952) 53,6 0,4 Onmitted, outlier

Marsden and Yaffee 50 Omitted, no uncertainty
Flynn et al. 52,7 0,5 Omitted, outlier

Anspach et al. (1965) 50,70 0,19

Anspach et al. (1965) 50,52 0,04 Original uncertainty = 0,03
Baba etal. (1971) 50,55 0,09

Lagoutine et al. (1972) 50,75 0,25 Superseded by Amiot
Amiot et al. (2003) 50,65 0,05

Recommended value 50,57 0,03 Weighted mean

Four values have been omitted from the analysis, the uncertainty on the second Anspach value (Anspach et al., 1965)
has been multiplied by 1,33 in order to reduce its relative weight to 50 % in the calculation of the weighted mean and
because it seems optimistic when compared with the other data. Th e set of six values taken into account in this
analysis has a reduced -c* of 1,2. Finally, the adopted value (half -life, uncertainty) is the weighted mean and the
external uncertainty.

The Q-value is taken from Audi and Wapstra (1995).
21 b-Transtions

The shape of the unique 1* forbidden b spectrum of *Sr was measured by Wohn and Talbert (1970). They found the
end-point energy to be 1488(4) keV. The shape corrected Ig ft was calculated by these authors to be 8,36. Earlier, the
maximum beta end -point energy was determined to be 1463(5) keV by Bisi et al. (1955). This  value is too small
compared with the result of Wohn and Talbert and the larger value taken from the compilation of Audi and Wapstra
(1995) which is the here adopted one.
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Internal bremsstrahlung accompanying the first forbidden beta decay of ~ *’Sr was measured by Babu et al. (1987),
Sayibaba et al. (1987), Basha et al. (1991) and Dhaliwal et al. (1994). Sayibaba et al. carried out their measurements
with a HPGe detector and a multichannel analyzer along with a standard geometrical set -up. Their results are
satisfactorily accounted for by the KUB theory. Basha et al. compared also their measurements with the theoretical
spectra. Dhaliwal et al. measured the spectra using an extrapolation procedure with a beta stopper method. Their
results are in agreement with  the Lewis and Ford theory in the whole energy region covered by the present
measurements and do not favour the KUB and Nilsson theories beyond a photon energy of 400 keV.

2.2 Gamma Transition

The energy of the gamma rays following the *Sr b~ decay was measured by Merritt et al. (1982) to be 909,12(7) keV
whereas Sievers gives 908,96(4) keV as unweighted average from several (n, g)-reactions and from the decay of **Zr
(T, = 78,4 h). In the present evaluation 909,0(1) keV is adopted. The transition prob ability of the gamma transition
is calculated from the gamma ray emission probability of the 909 keV transition (see section 4.2) and the conversion
coefficient of this transition. The conversion coefficients are interpolated from the tables of Rosel et al. (1978).

3 Atomic Data
The atomic data are taken from Schonfeld and JanBen (1996).

3.1 X Radiation
The energies are based on the wavelengths of Bearden (1967). The relative probabilities are taken from Schonfeld
and JanBen (1996).

3.2  Auger Electrons
The energies of the Auger electrons are taken mainly from Larkins (1977). The ratios P(KLX)/P(KLL) and
P(KXY)/P(KLL)are taken from Schonfeld and JanBen (1996).

4 Radiation Emission

4.1  Electron Emission

The energies and emission probabilities of the b particles correspond to the data given already in Section 2.1. The
number of conversion electrons per disintegration has been calculated using the gamma ray emission probability Pg
and the conversion coefficient as given in Section 2.2. The emission pro babilities of the Auger electrons have been
calculated with the PTB program EMISSION using the atomic data as given in Section 3.

4.2 Photon Emissions

The gamma ray emission intensity, per one disintegration, was found to be:

1 9,71(24)107 Merritt et al. (AECL) 1980 replaced by value 3
2 9,65(29)107 Hoppes et al. (NBS) 1980
3 9,54(16)107 Merritt et al. (AECL) 1982
4 9,61(13)107 Schotzig (PTB) 1990
5 9,555(34)10°  Schima (NIST) 1998
6 9,56(6)107 adopted value 1999

Value 1 is replaced by value 3, value 6 is the LWM of values 2, 3, 4 and 5. The reduced c? of this set is 0,19.

The emission probabilities of K-X rays are very small. This is caused by the small values of Py, .. and a.
Lyon and Rickard (1955) were the first who detected these weak gamma rays.

The number of emitted KX rays due to K-shell internal-ionization probabilities in nuclear beta decay were
measured in comparison to the absolute beta decay rate by Hansen and Parthasaradhi (1974). Their experimental
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result is 8,6 (7) 10 quanta per decay. The contribution of K conversion of the 909 keV grtransition is only 5,1 107
per decay.

5 Main Production M odes

The production mode are taken from Sievers (1989).
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%Sy - Comments on evaluation of decay data
by V. Chisté

This evaluation was completed in 2005. The literature available by August 2005 was included.

1 Decay Scheme

*Sr disintegrates by b” emission to the fundamental level of *°Y (T, = 2.6684 (13) d). The decay scheme and
level spins and parities are from the evaluation of E. Browne (1997Br34).

2 Nuclear Data
The Q value is from the atomic mass evaluation of Audi et al. (2003Au03).

The *°Sr half-life has been evaluated from the following data (in days):

1950Po67 7270 (110)
1955Wil5 10117 (146)
1958An40 10702 (584)
1965F101 10227 (146)
1965F101 10410 (329)
1965An07 10527 (51)
1978La21 10282 (13)

1983Ra09 10589 (92)
1989Ko057 10665 (37)
1992ScZZ 10513 (14)
1994Ma50 10561 (14)
1996Wo006 10495 (4)

2004Sc49 10557 (11)

Adopted 10522 (27) d or 28.80 (7) y

The half-life experimental values of 1950P067 (7270 (110) d), 1955Wil5 (10117 (146) d), 1978La21 (10282
(13) d), 1983Ra09 (10589 (92) d) are rejected by the evaluator following the recommendation gi ven by
1996Wo06.

The half-life weighted average has been calculated by LWEIGHT computer program (version 3).

The evaluator has chosen to take into account the nine values with associated uncertainty for the calculation. One
of them (10227 (146) d) from Flynn (1965F101) is rejected by the LWEIGHT computer program, based on the
Chauvenet’s criterion. The largest contribution to the weighted average comes from the value of Woods
(1996Wo006) amounting to 76 %. The LWEIGHT program has increased the uncertaintyf the 1996Wo06 value
from 4.0 to 7.1 in order to reduce its relative weight from 76 % to 50 %.

The recommended value is the weighted average of 10522 d (28.80 (7) y), with an uncertainty of 27 d (expanded
so range includes the most precise value of Woods (1996W006)). The reduced ¢* value is 8.
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2.1 b- Transitions

The maximum energy of the b transition in the decay of "Sr to ground state in*’Y has been adopted from the Q
value of 2003Au03 (Ep. = Q = 545.9 (14) keV), and is in agreement with the expeimental value of 546.0 (16)
keV, measured with a magnetic b-ray spectrometer (1983Hal5).

The Ig ft value (9.3) for the 546keV unique first forbidden transition and mean energy value (196 (1) keV) have
been calculated with the Logft computer program (version 7.2a).

For measured first forbidden shape factors, see 1964Dal6 and 1983Ha35.

3 Atomic Data

Atomic values, Wy, V 1 and nyg, are from Schonfeld and Janben (1996Sc33).

4 References

1950Po67 — R.1. Powers, A.F. Voigt, Phys. Rev. 79(1950)175 [Ty.].

1955Wil5 — D.M. Wiles, R.H. Tomlinson, Can. J. Phys. 33(1955)133 [T},,].

1958 An40 — M.P. Anikina, R.N. Ivanov, G.M. Kukavadze, B.V. Ershler, Atomnaya Energ. 4(1958)198; J. Nucl.
Energ. 9(1959)167 [T.].

1964Dal6 — H. Daniel, G.T. Kaschl, H. Schmitt, K. Springer, Phys. Rev. 136(1964)B1240 [b™ shape factor].
1965F101 — K.F. Flynn, L.E. Gleindenin, A.L. Harkness, E.P. Steinberg, J. Inorg. Nucl. Chem. 27(1965)21 [15].
1965An07 — S.C. Anspach, L.M. Cavallo, S.B. Garfinkel, J.M.R. Hutchinson, C.N. Smith, N. P-- 15663 (1965)
[Tzl

1978La21 — F. Lagoutine, J. Legrand, C. Bac, Int. J. Appl. Radiat. Isotop. 29(1978)269 [Ty.].

1983Ha35 — H.H. Hansen, Int. J. Appl. Radiot. Isotop. 34(1983)1241 [b" shape factor].

1983Ra09 — H. Ramthun, Nucl. Instrum. Meth. 207(1983)445 [Ty.].

1989K 057 — A.E. Kochin, M.G. Kuzmina, I.A. Sokolova, P.L. Merson, Metrologia 26(1989)203 [T,].
1992ScZZ — U. Schoétzig, H. Schrader, K. Debertin, Proc. Inter. Conf. Nucl. Data for Science and Technology,
Julich (1992)562 [T ).

1994Ma50 — R.H. Martin, K.I.W. Burns, J.G.V. Taylor, Nucl. Instrum. Meth. Phys. Res. A339(1994)158 [Tix].
1996Sc33 — E. Schonfeld, H. Janben, Nucl. Instrum. Meth. Phys. Res. A369(1996)527 [Atomic data].
1996Wo006 — M.J. Woods, S.E.M. Lucas, Nucl. Instrum. Meth. Phys. Res. A369(1996)534 [T),].

1997Bro34 — E. Browne, Nucl. Data Sheets 82(1997)420 [Spin, parity, energy level].

2003Au03 — G. Audi, A.H. Wapstra, C. Thibault, Nucl. Phys. A729(2003)129 [Q].

2004Sc49 — H. Schrader, Appl. Rad. Isotopes 60(2004)317 [T)].
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%y . Comments on evaluation of decay data
by V. Chisté

This evaluation was completed in 2005. Updated version in November 2006 and the literature available by this
date included.

1 Decay Scheme

Y disintegrates by b~ emission mainly (99.983 %) to tle stable *Zr ground state level. The decay scheme and
level energies, spins and parities are based on the evaluation of E. Browne (1997Br34).

A weak beta branch occurs to the 1760 keV excited level which decays by a EO gamma transition. This 040+
transition undergoes with the emission of two particles materialized by the emission of two gamma, or an
electron-positron pair, or internal conversion.

2 Nuclear Data
The Q value is from the atomic mass evaluation of Audi et al. (2003Au03).

The half-life of the **Y ground state has been evaluated from the following data (in hours) :

1937P007 57.6 (24)
1937St08 60.5 (20)
1938Sa01 66 (3)
19405202 66 (2)
1946B001 61 (1)

1954Ch29  64.60 (43)
19555227 64.029 (24)
1955V003  64.24 (30)
1956He77  64.8(2)
1957Pe05 63.97 (10)
1961He09  64.10 (8)
1963Vo02  63.74 (10)
1966Ri01 64.06 (11)
1967Bi02 64.6 (8)
1968Lal0 64.21 (8)
1969Gr38 63.46 (13)
2004Kol8  64.053 (20)

Adopted 64.041 (31) h or 2.6684 (13) d
The weighted average has been calculated with LWEIGHT computer program (version 3).
The evaluator has chosen to take into account the twelve most precise values for the calculation, since the 50°s:
1954Ch29, 1955S8a27, 1955V003, 1956He77, 1957Pe05, 1961He09, 1963Vo002, 1966Ri01, 1967Bi02,
1968Lal0, 1969Gr38 and 2004Ko 18. The evaluator’s choice is supported by the fact that in preliminary
calculation with LWEIGHT program, the 1937P07, 1937St08 and 1946B001 values have been rejected based

on the Chauvenet’s criterion.

With the data set of twelve values, the largest contribution to the weighted average comes from the value of
Kossert amounting to 51%. The LWEIGHT program has increased the uncertainty of the 2004Ko018 value
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from 0.020 to 0.0202 in order to reduce its relative weight from 51 % to 50 % .

The weighted average of 64.041 h and the external uncertainty of 0.031 is the half -life adopted value. The
reduced-c” value is 4.7.

2.1 b Transitions

The maximum energy of theb transitions in the decay of’’Y to excited states in*"Zr has been calculated from
the relation of

Ep. = Qp.- (from 2003Au03) — Ejevel in zr-00(from 1997Br34)
In the case of the transition bgg (to the ground state), many experimental values of Ep,. have been found in
literature (measured with b-ray spectrometer), as shown in the following table (Table 1).1t can be noted that

the evaluated value, 2279.8 (17) keV, is in agreement with all experimental values.

Table 1: Experimental and adopted energy of the b’ transition

Reference Eyp. (keV)
T. Yuasa and J. Laberrigue-Frolow (1957Yu06) | 2265 (5)
O.E. Johnson et al. (1958J033) 2261 (3)
R.T. Nichols et al. (1961Ni02) 2271 (2)
S. André and P. Depommier (1964An12) 2268 (2)
L.M. Langer et al. (1964Lal3) 2273 (5)
H. Daniel et al. (1964Dal6) 2284 (5)
P.G. Hansen et al. (1966Hal5) 2275 (5)
P. Riehs (1966Ri01) 2280 (5)
T. Nagarajan et al. (1971Na09) 2288 (3)
H. Hansen (1983Ha35) 2279.5 (29)
C. Greenwood and M.H. Putnam (1993Gr17) 2274.8 (30)
Adopted value 2279.8 (17)

For the probabilities of the b transitions, the available published data are given in Table 2:

Table 2: Measured and adopted probabilities of b™ transitions in %.

Populated level (keV) | 1961La07 | 1970Va09 | 1976Gri6 Adopted values
ground state 99.9885 (15) | 99.977 (9) 99.983 (6)
1760.72 0.0115(15) 0.023(9) 0.017 (6)
2186.282 0.0000014 (3) 0.0000014 (3)

For the ground state and 1760.72-keV b transitions, the adopted values are the weighted averages of the two
values given with uncertainties.
The Ig ft values have been calculated with the LOGFT program (version 7.2a).

2.2gTransitions

The 1760- and 2186-keV gray transition probabilities are 0.017 (6) % and 0.0000014 (3) %, respectively.
These values come directly from the evaluated b transition probabilities and adopted decay scheme.

Multipolarities of these gray transitions are from 1997Br34.
The internal conversion coefficients (ar, ax and a;) for 2186-keV gray transition has been calculated using

the ICC Computer Code (program Icc99v3a — GETICC dialog). The adopted values have been interpolated
from the new tables of Band et al.(2002Ba85). The uncertainties irit, ax and a; have been estimated as 3 %.
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The intensity of the conversion electrons was measured by Legrand (1972) being 1,3 (7) ~ 107 %.

3 Atomic Data

Atomic values, Wy, V . and ng, are from Schonfeld and Janben (1996Sc33).

5 Photon emissions

5.1 gray Emissions

The 2186-keV gray absolute emission probability has been deduced from the totalgtce) transition probability
0f 0.0000014 (3) % (§ 2.2) and the theoretical at (2002Ba85) for a E2 transition.

The ratio of two photon decay Py, occurring during the 0+ - 0+ gamma transition, to the sum of internalpair
decay P.... and internal-conversion decay Pj; : Py / (Pe:e. + Pic) 1s 0,040 (5) (1997Br34).

The number of positrons (leading to the emission of the 511 keV annihilation peak) is : 31,9 (5) 10™* per 100
beta decays (R.G.Selwyn). Other values : 36 (5) ~ 10™ (1956Gr21) and 34 (4) (1961La07).

X-ray emissions aren’t given in the table file. IKa was measured by Legrand (1972) being 3,7 (5) ~ 10™ %.

6 References

1937Po07 — M.L. Pool, J.M. Cork, R.L. Thornton, Phys. Rev. 52(1937)239 [T.].
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1940Sa02 — R. Sagane, S. Kojima, G. Miyamoto, M. Ikawa, Phys. Rev. 57(1940)1179 [T ,].

1946Bo01 — W. Bothe, Z. Naturforsch. 1(1946)173 [T.].
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energy].

1961La07 - H.Langhoff, H.H. Hennies. Z. Physik 164 (1961) 166. [P....]

1958J033 — O.E. Johnson, R.G. Johnson, L.M. Langer, Phys. Rev. 112(1958)2004 [End-point energy].
1961He09 — R.L. Heath, J.E. Cline, C.W. Reich, E.C. Yates, E.H. Turk, PhysRev. 123(1961)903 [T/, gray
emission intensity].

1961La07 — H. Langhoff, H.H. Hennies, Z. Physik 164(1961)161 [Branching ratio].

1961Ni02 — R.T. Nichols, R.E. McAdams, E.N. Jensen, Phys. Rev. 122(1961)172 [End-point energy].
1962Ne02 — M. Nessin, T.H. Kruse, K.E. Eklund, Phys. Rev. 125(1962)639 [a,].

1963Vo002 — H.R. von Gunten, W. Scherle, H. Hugli, Nucl. — Med. (Stuttgart) 3(1963)417 [T.].
1964An12 — S. André, P. Depommier, J. Physique 25(1964)673 [End-point energy].

1964Lal3 — L.M. Langer, E.H. Spejewski, D.E. Wortman, Phys. Rev. 135(1964)B581 [End-point energy].
1964Dal6 — H. Daniel, G.Th. Kaschl, H. Schmitt, K. Springer, Phys. Rev. 136(1964)B1240 [End-point
energy].

1966Ri01 — P. Riehs, Nucl. Phys. 75(1966)381 [T}, End-point energy].

1967Bi02 — J.K. Bienlein, G. Grof, W. Kreische, W. Lampert, G. Loos, Nucl. Phys. A92(1967)549 [T ,,].
1968Lal0 — F. Lagoutine, Y. Le Gallic, J. Legrand, Int. J. Appl. Radiat. Isotopes 19(1968)475 [T,,].
1969Gr38 — V.P. Groll, F. Grass, K. Buchtela, Radiochem. Acta 12(1969)152 [T,,,].

1970Va09 — J.C. Vanderleeden, P.S. Jastram, Phys. Rev. C1(1970)1025 [Branching ratio].
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1971Na09 — T. Nagarajan, M. Ravindranath, K.V. Reddy, Nuovo Cim. 2A(1971)662 [End-point energy].
1972Le** - J.Legrand et al. Proc. Int. Conf. Inner shell Tonization Phenom. And future applications, CONE
720404, Vol. 3, (1972) 2167 [1X]

1973Ral0 — S. Raman, N.B. Gove, Phys. Rev. C7(1973)1995 [Ig].

1973Hal8 — A. Hanser, Nucl. Instrum. Meth. 107(1973)187 [Ig].
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1976Gr16 — H.C. Griffin, Radiochem. Radioanal. Lett. 27(1976)353 [Branching ratio].

1978Ra05 — G.N. Rao, C. Giinther, Phys. Rev. C17(1978)1266 [Ig].

1983Ha35 — H.H. Hansen, Int. I. Appl. Radiat. Isot. 34(1983)1241 [End-point energy].

1993Gr17 — C. Greenwood, M.H. Putnam, Nucl. Instrum. Meth. Phys. Res. A337(1993)106 [End -point
energy].

1996Sc33 — E. Schonfeld, H. Janben, Nucl. Instrum. Meth. Phys. Res. A369(1996)527 [Atomic data].
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%0y™ _ Comments on evaluation of decay data
by V. Chisté

This evaluation was completed in 2005. The literature available by August 2005 was included.

1 Decay Scheme

Y™ disintegrates 99.9981 (2) % through isomeric transition to the **Y ground state and 0.0019 (2) % by b’
emission to the 2318 keV excited state in”’Zr. The decay scheme, level energies, spins and parities and halflives
of excited states are based on the evaluation of E. Browne (1997Br34).

2 Nuclear Data
The Q value in the decay of Y™ ® *°Zr (2961.8 (17) keV) has been calculated from the following relation:

Q(‘)OYm ® ‘)Ozr) — Q(‘)OY ® ‘)Ozr) + Q(‘)OYm ® 90Y)

Both latter values are from the atomic mass evaluation of Audi et al. (2003Au03).

The experimental *°Y™ half-life values (in hours) are given in Table 1:

Table 1: Experimental values of *°Y™ half-life

Reference Value (h)
Carter-Waschek and Linder (1961Cal2) 3.2(1)
Heath et al.(1961He09) 3.14 (10)
Haskin and Vandenbosch (1961Hal7) 3.19 (6)
Abecasis et al.(1962Ab03) 3.15(5)
Grench et al.(1967Gr02) 3.19(1)
Anthony et al.(1992An19) 3.244 (5)
Adopted 3.19 (6)

The weighted average has been calculated with the LWEIGHT computer program (version 3).

The evaluator has chosen to take into account the seven values with associated uncertainties for the statistical
processing. The largest contribution to the weighted average comes from the value of Anthony (1992An19)
amounting to 79 %. TheLWEIGHT program has increased the uncertainty for the 1992An19 value from 0.005 to
0.010 in order to reduce its relative weight from 79 % to 50 %.

The recommended value is the weighted average of 3.19 h with a final uncertainty of 0.06, expanded to include
the most precise value of Anthony (1992An19, 3.244 (5) h). The reduced-c* value is 3.5.

2.1 b- Trangtions
The maximum energy of the b” transition in the decay of Y™ ® *’Zr has been calculated from the relation:
Ep.= QY™ ® *Zr, from 2003Au03) — Ejeve in zr.o0(from 1997Br34) = 642.9 (17) keV.

The Ig ft of 9.6 and mean energy of 231.7 (7) keV lave been calculated with the LOGFT computer program for
the 642-keV unique first forbidden transition.
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The 642-keV b transition probability is deduced from the ratio [(2319 keV)/ 1479 keV) given by H. C. Griffin
(1976Fr16). The value of this ratio has been recalculated by the evaluator with the adopted photon branching
ratio (see 5.2 g-ray Emission).

2.2 gTransitions
For the Y™ ® Y and*’Y™® *°Zr branching, the transition probabilities have been calculated using gamma

ray intensities and the internal conversion coefficients (see 5.2 g-ray emissions).

Multipolarities of g-ray transitions in both decays of *’Y™ are from 1997Br34:
202-keV gray : M1 + E2, d=-0.04 (4)

479-keV gray : M4 (+ ES)

682-keV gray : ES

2319-keV gray (from Y™ ® *Zr): E5

The internal conversion coefficients (ICC’s) have been calculated using the Icc99v3a computer program
(GETICC dialog). The adopted values have been interpolated from new tables of Band et al.(2002Ba85). The
uncertainties of internal conversion coefficients have been estimated as 3 %.

3 Atomic Data

Atomic values are from 1996Sc33.

4 Electron Emissions

The Auger electrons emission probabilities have been calculated fromgray and conversion electron data by using
the EMISSION computer program. The Auger electrons emission probabilities of **Zr aren’t given in the table
file, because they are negligible (of the order of 107).

5 Photon Emissions

5.1 X-ray Emissions

The X-ray emission probabilities have been calculated from gray and conversion electron data by using the
EMISSION computer program. The X-ray emission probabilities of *’Zr aren’t given in the table file, because
they are negligible (of the order of 107).

5.2 gray Emissions

The relative emission probabilities measured in the isomeric decay of Y™ are given in Table 2. The 479keV line
as been taken as 100 %.

Table 2: Relative grray emission probabilities measured in the isomeric decay of *°Y™, in %.

Energy Heath Hanser Raman Kluge Griffin Rao Evaluated
(keV) | (1961He09) | (1973Hal8) | (1973Ral0) | (1974K106) | (1976Gr17) | (1978Ra05)| Values
202.53 1 104.99 (44) | 107.2 (4) 103.7 (33) none none none 106.1 (11)
682.04 <0.01 none none 0.40 (8) 0.34 (5) 0.35(3) |0.352(24)

For each gray, the evaluated relative gray emission probabilities are weighted averages (calculated with the
LWEIGHT computer program, version 3) of the three values measured with uncertainties.
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The normalization factor to convert the relative emission probabiliies to the absolute emission probabilities has
been calculated from the intensity balance at the Y ground state. As b” branching in the *°Y™ is negligible
(1976Gr16), the normalization factor is:

100%
[ +a;(202))F4 (202)]+[(1 + a,(682))F,(682)]

Normalization factor=

From the theoretical at and the evaluated relative emission probabilities of the 202 and 682-keV ¢-rays (Table
2), the normalization factor becomes0.915 (9) % . The uncertainty was calculated through the propagation on the
formula given above.

The 479-keV transition probability is given by:

P(grce)(682 ke V) + P(gice) (479 keV) = 100 %.

Taking into account the evaluated normalization factor, the theoretical ar and the evaluated relative emission
probability of the 682-keV g-rays (Table 2), thenP g (682 keV) =0.329 (23) % and, therefore, Bgc) (479 keV)
=99.671 (23) %.

The evaluated relative and absolute emission intensities for the 202-, 479- and 682-keV grays are given in
Table 3:

Table 3: Evaluated relative and absolute g-ray emission intensities.

Energy (keV) Relative emission intensity (%) Absolute emission intensity (%)
202.53 106.1 (11) 97.1 (14)
479.53 99.4 (10) 90.97 (24)
682.04 0.352 (24) 0.322 (22)

From the 479-keV gray absolute emission intensity value (Table 3) and the value of 2319keV )/ 1479 keV)
=2.1(2) 107, as given by Griffin (1976Gr16), then I42319 keV) =0.0019 (2) %.
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1961Cal2 — C. Carter-Waschek, B. Linder, Nucl. Phys. 27(1961)415; Erratum Nucl. Phys. 31(1962)351 [Tix].
1961Hal7 — L. Haskin, R. Vandenbosch, Phys. Rev. 123(1961)184 [T,].

1961He09 — R.L. Heath, J.E. Cline, C.W. Reich, E.C. Yates, E.H. Turk, Phys. Rev. 123(1961)903 [T\, Iy
1962Ab03 —S. Abecasis, H. Bosch, M.C. Caracoche, A. Mocoroa, H. Vignau, Rev. Union Mat. Arg., Asoc. Fis.
Arg. 21(1962)104; Nucl. Sci. Abstr. 17(1963)3732, Abstr. 28327 [Ty5].

1967Gr02 — H.A. Grench, K.L. Coop, H.O. Menlove, F.J. Vaughn, Nucl. Phys. A94(1967)157 [T ]
1973Hal8 — A. Hanser, Nucl. Instrum. Meth. 107(1973)187 [Ig].

1973Ral0 — S. Raman, N.B. Gove, Phys. Rev. C7(1973)1995 [Ig].

1974K106 — A. Kluge, Nucl. Phys. A224(1974)1 [1].

1976Gr16 — H.C. Griffin, Radiochem. Radioanal. Lett. 27(1976)353 [Py].

1978Ra05 — G.N. Rao, C. Giinther, Phys. Rev. C17(1978)1266 [Ig].

1992An19 — M.S. Anthony, D. Oster, A. Hachem, J. Radioanal. Nucl. Chem. 166(1992)63 [T}].

1996Sc33 — E. Schonfeld, H. Janben, Nucl. Instrum. Meth. Phys. Res. A369(1996)527 [Atomic data].
1997Br34 — E. Browne, Nucl. Data Sheets 82(1997)379 [Eevel, Spin, parity, multipolarity, Ty,].

2002Ba85 — .M. Band, M.B. Trzhaskovskaya, C.W. Nestor, Jr., P.O. Tikkanen, S. Raman, Atomic Data and
Nuclear Data Tables 81(2002)1 [a].

2003Au03 — G. Audi, A.H. Wapstra, C. Thibault, Nucl. Phys. A729(2003)129 [Q].

LNHB/V. Chisté 221 August 2005






. 93
Commentson evaluation me

Nb™ — Comments on evaluation of decay data
by V. P. Chechev and N. K. Kuzmenko

1 Decay scheme

The **Nb™ decay scheme is very simple. It includes the single 30,77 keV gamma
transition with the well-established multipolarity of M4 (1972Ko059, 1997Bal3).
2 Nuclear Data

Q(T) wvalue is the energy of the isomeric transition to the ground state of ”Nb
(1977Mo07).

There are available the seven measurements of the **Nb™ half-life, in years:

~4 1954Sc74
13,6(3) 1965F102
11,4(9) 1976Hegedues
16,4(4) 1977L101

15,3(13) 1980Vaninbroukx
16,11(19) 1981LI101
16,16(15) 1983Va25

The measurement result of 1954Sc74 was omitted as crude. The 1977L101 and
1980Vaninbroukx values measured by Lloret and by Vaninbroukx, respectively, were only
preliminary results. They were obtained from observations over relatively short periods. In both
cases the measurements have been continued over about four more years. Consequently only the
final values of 1981L101 and 1983Va25 have been used by the evaluator for statistical
processing. Then, the low values of 1965F102 and 1976Hegedues were omitted as less precise
and disagreed with the two best measurements of 1981LI101 and 1983Va25.

Averaging of these latter values gives the unweighted mean of 16,12(1 ) and the weighted
mean of 16,12 with an internal uncertainty of 0,12 and an external uncertainty of 0,01. As the
measurement method was the same in both cases, the minimum input uncertainty of 0,15 has
chosen for the final uncertainty of the weighted mean . Thus, the evaluated °Nb™ half-life is
16,12 (15) years.
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2.1 Gamma Transition and Internal Conversion Coefficients.

The energy of the gamma transition, 30,77(2) keV, has been taken from the 1977Mo07
measurement. The 1972F1ZM measurement value of 30,4(3) keV is significantly less accurate.
The multipolarity of the gamma transition, M4, is determined confidently from measured

subshell ratios :

K/(L+M) = 0,18(2) (1964H008),
K/L=0,21(2) (1964H008),
K/(L+M+...) = 0,19(2) (1982Re09)
L/(M+N+...) = 3,8(4) (1982Re09).

The internal conversion coefficient (ag) is obtained by the interpolation from the ICC
tables of 1978R022 using database IC4 of 2000C005. The relative uncertainty of ax has been
adopted as 3% in accordance with the available estimations of th e reliability of the calculations
of the theoretical ICC with a pure multipolarity (see 2000C005). The adopted value of ag
conforms well to ag(experimental) = 2,58 (15) 10* (1976Ju04) and disagrees with
ag(experimental) = 1,7 (3) 10 * calculated in (1977Mo07) from the measured ratio Py/Pxk= 8(1)
107, See also 1987Table : ax = 2,63 (6) 10*

The adopted value of ay is supported by the recent measurement result of 2,4(9) 10
obtained by the quite different method —investigation of "electron bridge" in *°Nb™ decay
(1999ZhZY).

The evaluated a;, a y;, @ rare also theoretical values for M4 multipolarity.

3 Atomic Data.

3.1. Fluorescenceyields

The fluorescence yields are taken from 1996Sc06 (Schonfeld and Janben).

3.2. X Radiations

The X-ray energies are base d on the wave lengths in the compilation of 1967Be65
(Bearden). The relative K X-ray emission probabilities are taken from 1999Schonfeld.

3.3. Auger Electrons
The energies of Auger electrons are from 1977Lal9 (Larkins) and 1987Table (Table de
Radionucl¢ides).

The ratios P(KLX)/P(KLL) and P(KXY)/P(KLL) are taken from 1996Sc06.

4 Photon Emissions.

4.1 X-Ray Emissions

The total K X-ray absolute emission probability computed with use of the ICC  ar, ax
and the K-fluorescence yield wg=0,751(4) 1s 10,99(40) per 100 disintegrations. It coincides with
the averaged value [10,99(22)] of three measurement results of 10,7(3) (1982Alberts), 11,04(28)
(1985Gehrke), 11,12(22) (1990Co17). The other measuremen ts have given slightly higher
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values: 11,6(4) (1978Bambynek, 1980Vaninbroukx) and 11,5(3) (1983Va25). (See these
references also in 1991BaZs).

The adopted value of the total K X-ray absolute emission probability is 10,99(22).

The absolute emission probabi lities of the K X-ray components have been computed
from Pxx using the relative probabilities from 1996Sc06.

The total L X-ray absolute emission probability has been computed with use of the ICC
ar, and the atomic data of v 1=0.0347(9), ng=1.045(4) from 1996Sc06.

4.2 GammaEmissions
The energy of the gamma ray, 30,77(2) keV, is from the 1977Mo07.

The absolute emission probability of the gamma ray is computed from the decay scheme
using the ICC ar.

5. Electron Emissions

The energies of the conversion electrons have been calculated from the gamma -transition
energies given in 2.1 and the electron binding energies.
The total emission probability of the conversion electrons has been obtained as

P(cc1,0T) = 100 — Py (per 100 disintegrations). The emission pro babilities of the K-, L-, M-, NO-
conversion electrons have been calculated using the conversion coefficients given in 2.1.

The values of the emission probabilities of K-Auger electrons have been calculated using
the gamma transition probability given in 2.1, the atomic data given in 3, and the conversion
coefficients given in 2.1.
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“Mo - Comments on evaluation of decay data
by C. Morillon*, M. M. Bé*, V. Chechev**, A. Egorov**
* CEA-BNM/LNHB, 91191 Gif sur Yvette France
** Khlopin Radium Institute, Saint Petersburg, Russia

This evaluation was completed in December 2000 with min or editing in September 2001. Updated half -life

value in 2004.

1- DECAY SCHEME

Molybdenum 99 disintegrates to the technetium 99 excited levels by beta minus transitions. The
1205 keV (3/2-) and 1321 keV (1/2-) levels could be fed by non -unique 1* forbidden b~ decays. From Ig ft
systematic and with Ig ft 3 8, the b™ branches to 1205 keV and 1321 keV levels, if they exist, would be

expected £ 0,010% and £ 0,00014%, respectively. Forbiddeness of other possible

greater. Therefore, all of these unobserved branches can be considered negligible.
Unlike the decay scheme of Peker based mainly on Goswamy (1992Go022), we have not found any

justification for placing b’- transition to the 534 keV level. The

b -transitions is still

Pg:.c. balance for this level has led to  the

evaluated probability of b™- transition of the order of 0,0010(10) %. Also because of the significant Ig ft, the
attribution of 3/2+ to the 534 keV level seems to be unlikely.
Apart from that, in comparison with 1994Pel5 we have shown a b-transition feeding the 1072 keV

level. The spin and parity of this level are not defined exactly. Other J® values are from Peker.

For this evaluation M0-99 and Tc-99m are considered being in equilibrium. Therefore, the ratio
of their activitiesis1,1.

2- NUCLEAR DATA
Q" is from Audi and Wapstra 1995 (95Au04).

The measured half-life values are, in hours :

66,0(1)
66,00(15)
66,96(9)
67,2(2)
65,6(2)
66,7(1)
65,98(10)
66,69(6)
66,5(2)
66,02(1)
66,16(30)
65,945(3)
65,924(6)

65,942(12)
66,02(9)
65,85(10)
64,92(25)
65,974(14)

Seiler (1947Se25)

Gunn et al.(1957Gu62)
Wright et al.(1957Wr37)
Protopopov et al. (1958Pr71)
Newman (1961Nel5)
Crowther and Eldridge (1965 Cr03)
Baldwin (1967Ba37)
Reynolds et al.(1968Re04)
Baba et al. (1971Ba28)

Emery et al. (1972Em01)
Dickens (1979Di07)
Houtermans et al. (1980Ho017)
Hoppes et al. (1982HoZJ)
Unterweger et al. (1992Un01)
Walz et al. (1983Wa26)
Butsev et al. (1998)

Butsev et al. (1998)

Butsev et al. (1998)

Schrader et al. (2003Sc49)
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Looking at the graphical representation given above, it appears that 5 values are 3 66,5 h and 12 are
in the range > 65,5 and < 66,5. The five high values are rejected of the statistical treatment (Chauvenet’s
criterion). The last value given by V .S. Butsev (1998) has also been rejected : '*'Ta(**C,x)*’Mo is an exotic
reaction, and the result is clearly outlier.

When processing the 17 values, the LWEIGHT program has detected 1957Wr37, 1958Pr71,
1961Nel5, 1965Cr03, 1968Re04, 1971Ba28, 1979Di07 and 2 values of 1998Bu (65,85(10) and 64,92(25))
to be outliers, based on Chauvenet's criterion. The Limited Relative Statistical Weight method increases the
uncertainty for the 1980Ho17 value from 0,003 to 0,00481 and used the unweighted mean of 65,983(38)
with the large uncertainty that does not correspond to the most accurate measured values (1980Ho17,
1982Ho0ZJ or 1992Un01 and 2003Sc49).

With the set of the 5 most recent values (1972EmO01, 1980Ho17, 1982HoZJ or 1992Un01,

1998Bu01 and 2003Sc49), the Limited Relative Sta