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Abstract. Accurate nuclear data, commonly using evaluated libraries, is essential in many applications,
allowing confidence in derived parameters. An approach to assess the confidence with which these data can
be used is proposed, not previously reported, comparing nuclear data presented by different evaluations.
Variations between evaluations are used as an indication of potential inaccuracies in the nuclear data or
evaluation procedure, and the relevant primary literature reviewed more fully. Applying this approach to
naturally occurring radionuclides has identified eight radionuclides where the evaluations differ significantly.
Where recommended data are supported by a single set of high precision measurements, independent
verification of those measurements will increase confidence in the accuracy of the data (*'*Bi and 2**Pb).
Further measurements should be conducted where the decay schemes are incomplete (*?®Ac and ?**Ra). For
49K, the mean beta energy in all the evaluations has been calculated using an incorrect shape factor, and
log ft and branching ratios have been calculated using an inappropriate program. Precise measurements
of beta spectra will allow the use of experimentally derived shape factors for the calculation of mean beta
energies (“°K and ?!°Bi). Parameters used for infinite matrix dose rate and geothermal heat production
calculations have been derived for the data discussed here.

1 Introduction

The determination of dose rates and other parameters from radionuclide concentrations is essential to many fields of
investigation, such as studies of radiation exposure on the health of humans and ecosystems, optimising exposure for
radiotherapy, estimating geothermal potential, and stored dose dating. Dose rates can be measured directly using field
instruments or passive dosimeters. But it is often necessary to determine dose rates from radionuclide concentration
data determined from samples returned to the laboratory, either in the absence of direct dose rate measurements or
to supplement other measurements, requiring parameters to convert measured activity concentration to dose rate.
In geochronology accurate values of the half lives, and in some cases branching ratios, of radionuclides are also
essential. Assessments of geothermal potential, and similar applications requiring calculations of heat production in
rocks, require parameters derived from the total energy released during radioactive decay. Parameters for these, and
other applications, are derived from nuclear decay data (tabulations of the energy and intensity of nuclear radiations,
branching ratios and half lives).

The accuracy of these parameters will depend on several factors, including the accuracy of the nuclear data used.
Many practitioners using this data will take it on trust that the data reported are accurate with appropriate uncer-
tainties. It has recently been noted in relation to evaluation of neutron data standards [1] that earlier evaluations had
rather small uncertainties leading to an investigation of unknown systematic uncertainties, resulting in larger overall
uncertainties in the new evaluation. Similar underestimation of uncertainties may be present in other evaluations. It
could be expected that the latest evaluations have the best value, since they should contain new experimental data
and use the best evaluation method. It is proposed that where there are multiple evaluations of data that disagreement
between evaluations indicates that there is an underlying problem with at least one of the evaluations or the underly-
ing experimental data. Coherence between evaluations may be taken as an indication that the data can be used with
greater confidence, however it does not mean that there are no errors common to all evaluations. Comparisons between
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evaluations are relatively simple, though not previously used by practitioners using these data. However, assessing and
understanding any differences is often beyond the expertise of applied users of these data.

The intention of this work is not to produce comprehensive appraisals of existing data, which would be a considerable
task with the effect of creating a further evaluation. Rather, the intention is to identify radionuclides where there are
inconsistencies that lead to reduced confidence in the data, in particular where these would be significant in applied
fields. In these instances the issues are discusses and further investigations, which could include a new comprehensive
appraisal of existing data as well as further measurements, are suggested.

This paper will concentrate on parameters used for applications where it is conventional to consider an infinite
matrix of uniformly distributed natural radionuclides. In the infinite matrix condition, all decay energy (excluding that
carried by neutrinos) is deposited within the matrix. Thus, the energy absorbed per decay is the sum of the product
of energy and intensity for all decay paths, and it is only necessary to consider nuclear data, without consideration of
other complicating factors such as radiation transport, and the review is limited in scope to natural radionuclides. The
review of nuclear data presented here would be applicable to the source components of dose rate assessments in other
situations where radiation transport is a factor, for example, where the source distribution is not uniform, and/or
where the properties of the material receiving the dose are different from the source medium. Similar considerations
would also apply to the nuclear data used for dose rate calculations from anthropogenic radionuclides. It is noted
that nuclear data for anthropogenic radionuclides has been reviewed previously, in particular radionuclides used for
instrumental calibration [2-5] and for medical applications [6-9].

2 Nuclear data tables

Nuclear data on half lives, decay energies and intensities and branching ratios has been collected for more than 100
years, and is a constantly growing resource as more measurements are conducted. With the very large quantity of data
available and the specialist nature of many publications it is often impractical for practitioners in applied fields to
assimilate the primary data, in particular for the natural series decay chains (for 23°U, 238U, 232Th) with the relatively
large number of nuclides that need to be considered. Therefore it is convenient to refer to evaluated libraries where the
work to gather and assess the large body of primary data has already been done, though this requires confidence in the
quality of the evaluations conducted. To aid in assessing the confidence practitioners may have in these evaluations,
the data in three different groups of semi-independent evaluations are examined.

Early compilations of nuclear data included the Table of Radionuclides in 1940, with later editions renamed the
Table of Isotopes, produced by collaborators at the Lawrence Berkeley Laboratory. The Evaluated Nuclear Structure
Data File (ENSDF) was the first comprehensive nuclear structure data base, developed by staff at Oak Ridge in the
1960s. In the late 1970s, while the 7th edition of the Tuble of Isotopes [10] was being compiled, the different US
evaluation efforts were joined together under the US Nuclear Data Network. The ENSDF consortium developed, and
an international network of evaluators was established under the JAEA [11]. The ENSDF database is maintained
by the US National Nuclear Data Center at Brookhaven National Laboratory [12]. The database is under constant
development, with updated publication of evaluated data in Nuclear Data Sheets and Nuclear Physics A at a rate of
approximately every 7-11 years. The 8th edition of the Table of Isotopes [13] was produced using ENSDF data.

The NEA and OECD coordinated evaluation projects with particular emphasis on nuclear data relevant to reactor
physics, which for decay data produced two evaluated libraries, the Joint Evaluated File Version 2.2 (JEF2.2) in
1993 [14] and Joint Evaluated Fission and Fusion File Version 3.1.1 (JEFF 3.1.1) in 2007 [15]. Both of these data bases
were developed with significant input from earlier ENSDF evaluations, and are fixed, without ongoing development
and revision.

It has been noted that “A significant limitation of many of these sets of data is that there are no comments
indicating the origin of the data for a particular radionuclide and especially what processing was done by the authors.
This limitation is understandable since such documentation would require a great deal of effort and would take
up a great deal of space. However, this makes it impossible for others to judge the quality of the evaluations and for
subsequent evaluators to make good use of the results.” [16]. This observation, along with “For almost any radionuclide
one will find the related data in several compilations and the values of the quantities of interest will generally differ.
Often these differences are insignificant for applied spectrometry and they can be ignored, but occasionally even small
differences are important. Even if the differences are insignificant, they are a nuisance because one has to make a choice
among them even though one may not have any basis for determining which is the best.” [16], led to the formation the
Decay Data Evaluation Project (DDEP) in 1995 [16,17]. The intention of the DDEP collaboration is to give the most
precise values that are justified, with a methodology that includes accounting for all measurements of a quantity (either
using or explicitly excluding each measurement), provide written documentation of all the data used and the decisions
made, and for each evaluation to be reviewed by other members of the DDEP. The DDEP evaluation procedures were
used in developing a Library of Recommended Actinide Decay Data [18,19] by a coordinated research project of the
International Atomic Energy Agency (IAEA), with the outputs of this evaluation included within the DDEP library.
The majority of the DDEP outputs considered here were produced in the context of this TAEA project.
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Recommendations from the National Physical Laboratory [20] considers that “The DDEP data generally represents
the best available decay data for the radionuclides which it covers”, and “The data contained in ENSDF are com-
prehensive, accurate and traceable. NPL recommends and uses nuclear data from ENSDF where radionuclides have
not yet been evaluated through the other recommended data sources.” However, data from any evaluation project,
regardless of endorsements, should still be critically assessed if one is to use it with confidence.

The various evaluated libraries are not entirely independent. They all derive from the same primary measurements,
with the obvious exception of more recent measurements being available for more recent evaluations. In many cases,
the evaluators may be the same, and the evaluation methods will be similar, with some parameters such as level spin
and parity and transition multipolarities carried forward from earlier evaluations relatively uncritically. Nevertheless,
it is recognised that in most cases variations in the recommended data persist between different libraries despite the
dependencies between evaluations.

The purpose of this paper is to examine the different evaluated nuclear data libraries for naturally occurring
radionuclides: the decay chains from 238U, 235U and 232Th, and the decays of “°K and 8“Rb. This will identify the
individual radionuclides where there is significant variability in the evaluated nuclear data, or where the uncertainties
are larger, which result in the most significant reduction in confidence. This examination of differences in evaluated
libraries then leads to a more extensive review of the data and evaluation approaches used for those radionuclides
identified as most significant, and recommendations where further experimental data may result in greater agreement
and confidence in the accuracy of the recommended data.

3 Examination of evaluated data for naturally occurring radionuclides

The data in the JEF2.2, JEFF3.11, ENSDF and DDEP libraries were interrogated to tabulate values for the half
lives, mean decay energies and where appropriate branching ratios for all naturally occurring radionuclides in the
23817, 235U and 232Th decay series, and “°K and 8"Rb. The analyses here propagate the uncertainties stated in the
evaluations, which are taken to be at the one sigma confidence level. Mean decay energies and uncertainties for the
JEF2.2 and JEFF3.11 libraries were taken from the JANIS3.0 data browser, and for the ENSDF library using the
NuDat2 tool. The DDEP evaluations do not tabulate mean decay energies, and for this library the recommended
energies and intensities for all individual decays have been used to calculate the mean values and uncertainties. Where
the intensity is given as a maximum value this has been included in the analysis as half the stated maximum value, with
an uncertainty of half the maximum. Examination of these tabulated data indicate where different evaluations have
produced significantly different values, and further examination of the data used in the evaluations can highlight the
origin of these differences and options for resolving the discrepancies. Uncertainties throughout this paper are expressed
at the one sigma confidence level, where recommended data report uncertainties to large numbers of significant figures
these have been truncated to 1-2 significant figures.

3.1 238y decay series

The half lives and decay modes with branching ratios for the 23®U decay series are given in table 1. There is good
consistency in all these values across the four evaluated libraries, suggesting that these values can be used with
confidence. The mean decay energies for the 238U decay series are given in table 2. While in the majority of instances
these are consistent across the four evaluated libraries, and thus may be used with confidence, there are some exceptions
to this which warrant further examination.

3.1.1 234mpy apd 234p,

For ?34mPa, the mean gamma energy in the JEF2.2 library is significantly lower than for the other three libraries.
This is driven by the intensity assigned to the 1001 keV emission (0.59 & 0.01% in JEF2.2, 0.84 +0.01% in JEFF3.11
and ENSDF and 0.85 + 0.01% in DDEP). This emission accounts for 0.2-0.3% of the total gamma emission from the
decay series, and hence is not significant for the majority of applications. This emission can be used in the detection
of nuclear material as a signature for purified uranium, and the intensity would be important for quantification.
The 0.59 + 0.01% in JEF2.2 is taken from a single measurement with scintillation detectors [21], whereas subsequent
measurements using semiconductor detectors yield larger intensities between 0.79-0.92% (reported in [22]) which result
in the larger intensity reported in the later evaluations. The ENSDF and DDEP evaluations note that the energy of
the isomeric state in 2**Pa is poorly defined, with Q-values for the IT to the ground state given as 73.92(2) + x keV
and for the beta decay to 234U as 2269(4) + rkeV. The DDEP evaluation notes that z < 10keV. Thus, it appears
that the uncertainties expressed in the evaluations for the energies of the decays from this isomeric state are probably
underestimated since they do not appear to include the uncertainty in the value of x.
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Table 1. Half lives and decay modes for the 23U decay series from the JEF2.2, JEFF3.11, ENSDF and DDEP evaluated
libraries.

Nuclide Half life Decay modes and branching ratios
JEF2.2 JEFF3.11 ENSDF DDEP JEF2.2 JEFF3.11  ENSDF DDEP

238y 4.4681x10%a 4.4680x10%a 4.4681x10%a 4.4680x10%a « to 23*Th

24Th  24.10d 24.09d 24.10d 24.10d 8 to 234mPpy

24mpy 1.17m 1.17m 1.159m 1.159m Bto U Bto?U  Fto?U  Fto U

(99.87%) (99.85%) (99.84%) (99.85%)
IT to 2**Pa  IT to 2**Pa IT to 2**Pa IT to 2**Pa
(0.13%) (0.15%) (0.16%) (0.15%)

24Py 6.70h 6.78h 6.70h 6.70h 8 to 234U

B4y 245705 a 245705 a 245505 a 245500 a a to 2*°Th

280Th  75401.5a 75401.5a 75381.6 a - a to **Ra

226Ra  1600.04a 1600 a 1600.04 a 1600 a a to **?Rn

222Rn 3.825d 3.8231d 3.8235d 3.8232d a to 2'¥Po

218pg  3.05m 3.098 m 3.098 m 3.071m ato?™Pb  ato?Pb ato?™Pb ato?"Pb

(99.98%) (99.981%)  (99.98%)  (99.978%)
Bto2BAt B to2BAt B to 2'BAt B to 2'8At

(0.02%) (0.019%)  (0.02%) (0.022%)
214pL  26.8m 26.8m 26.8m 26.916 m 8 to 214Bi
28AL 1.6s 1.5s 1.5s 1.4s a to 21Bi
(99.9%)
8 to 2“Rn
(0.1%)
214B; 19.9m 19.9m 19.9m 19.8m 8 to 24Po
(99.979%)
a to 21071
(0.021%)®
24Py 0.165ms 0.1637 ms 0.1643 ms 0.1623 ms a to 2'Pb
210php  22.30045 a 22.16002 a 22.20047 a 22.23a B to 2'°Bi
2108 5.013d 5.012d 5.012d 5.011d B to 21%Po

210py  138.40046d  138.38773d  138.37604d  138.3763d a to 2%°Pb

(

2) Data for very low yield branches are not tabulated here.

For 23*Pa, there are significant differences in the mean beta energies between the JEF2.2/JEFF3.11 evaluations
and the ENSDF/DDEP evaluations. There are smaller differences in the mean gamma energies, although within the
uncertainties given for the JEF2.2 and JEFF3.11 evaluations and within 3o for the ENSDF and DDEP evaluations.
The DDEP evaluators [23] note that beta™ decay scheme is based on a single measurement result [24] which includes 28
unplaced gamma rays, carrying about 3.2% of the total intensity. In addition there is inconsistency between the Q-value
determined from evaluated beta™ decay radiation and mass differences. Both ENSDF and DDEP evaluations include
several beta transitions that are assigned maximum intensities, and the summed intensities of the other transitions
exceed 100% (108.4% for ENSDF and 102.9% for DDEP), the intensities assigned to these transitions needs to be
re-examined. The DDEP evaluators recommend further measurements to determine the decay scheme with greater
precision. Since this radionuclide is a branch with ~ 0.15% of the decays these variations are not significant for most
applications.
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Table 2. Mean decay energies for the 2**U decay series from the JEF2.2, JEFF3.11, ENSDF and DDEP evaluated libraries.

Nuclide

Mean « energy (keV)

Mean 3 energy (keV)

JEF2.2 JEFF3.11 ENSDF DDEP JEF2.2 JEFF3.11 ENSDF DDEP

Mean ~ energy (keV)

JEF2.2 JEFF3.11 ENSDF DDEP

238U

234Th

234mPa

234Pa

234U

230Th

226Ra

222Rn

218P0

214Pb

218At

214Bi

214PO

210Pb

210Bi

210P0

Total®

4190
+240

4759.2
+1.5
4665
+15

4774.7
+3.3

5489.3
+1.6

6001.34
+0.61

6687
+£270
1.15
£0.05
7687.00
+0.09

0.0061
40.0003

4187
+30

4759.2
+1.5
4665
+15

4773.3
+0.2

5489.2
+0.7

6001.35
+0.11

6679
+166
1.15
+0.05
7686.96
£0.09

0.0061

+0.0004 =£0.0006 4-0.0004

4190 4187
£160 +30
4759.0 4759.4
+8.8 +1.5
4664 (@)

+15
4774.0 4773.2
+3.3 £184.1
5489.0  5489.0
+0.6 +0.6
6001.00
+0.17
6686 6694
+3 +67
1.15 1.44
+0.04 +0.05

7687.00 7686.74

+0.09  +0.09

0.0062  0.0039

5304.55 5304.44 5304.00 5304.32

£0.10
42870
+240

+0.07
42867
+33

+0.07  £0.07
42866 42870
+160  +£190

46.06
+1.05
814.5
+2.2
189
+15

6001.02 0.0141

221.0
+£3.7
1.09
+1.09
613.7
+15.5

6.31
+1.33
387.8

+3.9

2090
+17

44.61
+1.07
816.2
+4.0
170
+11

0.0136

223.5
+2.6
1.09
+0.33
613.7
+15.5

6.19
+0.51
387.7

+0.3

2086
+16

47.81
+1.43
812.1
+2.7
222
+23

224.7
+4.7
1.10

+0.33

640.0
+3.3

6.18
+0.52
389.2

+0.3

2121
+7

47.29
+2.54
810.2
+1.7
226
+28

0.0143 0.0161

223.5
+3.6
1.10

+1.10
645.8
+3.7

6.68
+0.23
317.0

+3.0

2051
+7

0.064
+0.012
7.94
+0.25
10.94
+0.13
1329
£100
0.1072
+0.0012
0.371
£0.030
6.121
+0.056
0.357
£0.102
0.0092

226.8
+7.7
3.85

+0.43

1536.9
+30.3

0.083

+0.005

2.093

£0.140
0.00030

0.053
£0.005
7.53
+0.41
16.07
+0.22
1382
+170
0.1072
+0.0012
0.371
£0.030
6.598
+0.021
0.388
+0.041
0.0092

+£0.22 £0.0071 £0.0010 =40.0016 £0.0024 +0.0008 =+0.0042

218.7
+0.8
8.76

+0.38

1536.9
+30.3

0.084

+0.005

1.964

+0.023
0.00030

0.043
+0.004
6.58
+0.36
16.01
+0.09
1423
+30
0.1146
+0.0062
0.372
+0.022
6.703
+0.112
0.3876
+0.0015
0.0091
+0.0041
222.5

+0.4
0

1474.0
+1.6
0.083

+0.005
2.073

+0.074

0.00030

0.054
+0.006
6.70
+0.26
16.20
+0.10
1394
+31
0.1136
+0.0044

(a)

6.639
+0.036
0.3876

£0.0015
0.0092
40.0092
222.8

+0.3
0

1467.8
+1.9
0.083
+0.005
1.979
+0.019
0.00031

40.00004 £0.00003 =£0.00003 +0.00003

0.0088

0.0097

£0.0008 £0.0003

1794
+31

1791
+30

0.0083
£0.005
1732
+2

0.0099
+0.003
1726
+2

(@) 230} 1ot included in the DDEP library at time of writing (ENSDF used in total).

(®) The totals include scaling to branching ratios (table 1), where appropriate.
() See sect 3.1.2 on absence of gamma decay data in ENSDF and DDEP.
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Table 3. Absolute intensities for the 609 keV gamma ray used in the DDEP evaluation (taken from [27]).

Reference  Lingeman et al. Olson Schoétzig and Debertin = Lin and Harbottle  Morel et al. Recommended
1969 [28] 1983 [36] 1983 [37] 1991 [31] 2004 [38]
Value (%) 42.8 £4.0 45.0 £ 0.7 446 £0.5 46.1 £ 0.5 45.57+0.18 45.49 4+ 0.19
3.1.2 218At

218 At decays to 2'Bi, though neither the ENSDF or the DDEP evaluations give recommended spins and parities to
the 21Bi states populated. Neither do they list any of the transitions within the daughter from the 103 keV (~ 6.4%)
or 63.7keV (~ 90%) levels. The decay of these levels must result in production of radiation. Thus, it may be concluded
that gamma and conversion electron emissions should be given in the evaluated libraries, however current data provide
little information to support the assignment of intensities to any of these de-excitation paths. The DDEP and ENSDF
evaluators note that there are no gamma rays observed, with the DDEP evaluator [25] commenting that deficiencies
in Q-values suggest a weak gamma transition from the 62keV 2!4Bi level to the ground state. Again, this radionuclide
is a ~ 0.02% branch, and so this has no significant impact for most applications.

3.1.3 214Bj

For 214Bi, there are significant differences for both beta and gamma mean energies between the evaluated libraries, with
differences in excess of twice the uncertainties given by the JEF2.2 and JEFF3.11 libraries, and much more significant
relative to the smaller uncertainties in the ENSDF and DDEP libraries. These differences account for approximately
1.5% of the total beta and 3.5% of the total gamma energies, and hence are significant in dose rate calculations. There
are also small differences in alpha energies, with the DDEP evaluation larger by 0.3 MeV. These differences arise from
the inclusion of “long range alpha decays” (very low intensity but high energy decays from excited states in 2!4Po)
in the DDEP evaluation, whereas the other evaluations appear to only consider the alpha decays to 2'°T1. This low
intensity branch has no significance for most applications.

The beta decay from 2'Bi to 2'4Po populates approximately 65 levels in the daughter nucleus, with transitions
between these levels resulting in a large number of gamma emissions. The end-point energies, shapes and intensities of
beta decays to these excited levels are determined from analysis of the gamma ray emission spectra. Thus differences
in the evaluation of the gamma emission data will account for differences in both the gamma and beta energies. The
evaluation of the gamma decay scheme involves normalising available gamma spectrometry data to the 609keV (1st
excited state to ground state) transition, to allow the generation of a relative intensity level scheme. This is then
normalised to an evaluated absolute intensity for the 609keV transition. The DDEP evaluation also determines the
absolute gamma emission intensities for 2'4Pb by normalising relative efficiencies to the 609 keV transition associated
with 21Bi [26].

The DDEP evaluation [27] uses gamma spectrometry data from 15 cited sources (from 1969 through 2007) to
produce an evaluated decay scheme with intensities relative to the 609.32keV emission. Some additional data sets
were excluded because they were either all from a single laboratory (the most recent data set from that group was
used), three sets included insufficient information on the experimental methods, and one was an earlier data set which
had been renormalized. Five cited references included data suitable to determine the absolute emission intensity for the
609 keV, these intensities with the evaluated recommended intensity are given in table 3. This allows the generation of a
recommended value for this emission intensity and by extension for all 212 gamma emissions included in the evaluation.
The absolute intensity for the 609 keV emission in the ENSDF libraries is identical (45.49+0.16%), and it is concluded
is probably derived from the same references. The intensity in the JEF2.2/JEFF3.11 evaluation is 46.9 £+ 4.0%, and
is derived from three reported values (Lingeman et al. 1969 [28] was used by DDEP, Hachem 1975 [29] was used by
DDEP for relative intensities only, Cline et al. 1972 [30] is not referenced by DDEP), the Lin and Harbottle 1991 [31]
data was published shortly prior to the conclusion of the JEF2.2 evaluation and may not have been available when
214Bj data were evaluated, and this evaluation was not revised for the JEFF3.11 library. The 1977 Nuclear Data Sheet
evaluation [32] also gives an intensity for this transition of 46.9% which it is noted derives from measurements of I
from 2*Pb to 2!Bi ground state of 6.3+2.0% [33] leading to I, for the 609 keV of 46.141.2%, and direct measurement
of 47.5 £ 1.9% [34]. The 1995 evaluation [35] giving 46.1 +0.5% from Lin and Harbottle 1991 [31], with the Lingeman
et al. 1969 [28], Olson 1983 [36] and Schotzig and Debertin 1983 [37] values cited but not used in the calculation of the
absolute intensity. This value is larger than all the individual values used in the DDEP evaluation. The difference in
this absolute intensity (3.5%) is sufficient to explain the majority of the discrepancy in mean gamma and beta energies
between the JEF2.2/JEFF3.11 evaluation and the ENSDF and DDEP evaluations.
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The critical measurement for the determination of both gamma and beta intensities for 2'*Bi decay is the absolute
intensity for the 609keV gamma ray. These require a source of known activity, detectors of known efficiency and a
method to account for coincidence summing. For the studies included in the DDEP evaluation, Lingeman et al. 1969 [28]
used sources of 2!Pb and ?!*Bi from solidified 2>2Rn, the other studies all used #?Ra sources. Olson 1983 [36] used
an NBS standard solution certified to 0.5% uncertainty, with two historic pitchblende sources calibrated to 0.4-0.5%
uncertainty. Schotzig and Debertin 1983 [37] used alpha-foil Ra salt sources prepared more than 10 years prior to the
experiment, with activities calibrated relative to standard sources in glass cylinders with corrections for absorption
applied, with an overall 0.8% uncertainty in activity. Lin and Harbottle 1991 [31] used radium solution dispensed to
filter paper sealed in a lucite disc and sealed for 6 weeks, checked for radon leakage and calibrated relative to a certified
NBS radium source. Morel et al. 2004 [38] used two sources prepared by the D.I. Mendeleyev Institute for Metrology
(VNIIM), with the source material sandwiched between two thin stainless steel sheets, which were characterised to
activity uncertainties of 0.2%.

For these studies measurements were mostly conducted on multiple detector systems with several multi-nuclide
reference sources to calibrate the energy efficiency. Lingeman et al. 1969 [28] used two Ge(Li) detectors, of 20 cm?® and
30cm? volume, and TAEA multi-nuclide reference materials. Olson 1983 [36] used three Ge(Li) detectors and NBS
mixed gamma-ray standards and single nuclide sources. Schotzig and Debertin 1983 [37] used two Ge(Li) detectors, of
40 cm? and 60 cm?® volume, and a 10 cm?® planar HPGe detector, with many single multi-gamma-ray sources prepared
and standardised in their laboratory. Lin and Harbottle 1991 [31] used a single 43% relative efficiency intrinsic Ge
detector, calibrated with Amersham and NIST standard solutions. Morel et al. 2004 [38] used three detectors at
VNIIM; a 15% relative efficiency Ge(Li) detector, a 30% relative efficiency coaxial HPGe detector, and a 40 cm® HPGe
detector; with three different geometries used for each detector and calibrated to 12 different reference point sources,
with further measurements at LNHB used a 100 cm® HPGe detector in two geometries, calibrated using 11 different
reference point sources.

To date, the Morel et al. 2004 [38] dataset is the most precise measurement of the critical 609 keV absolute intensity,
and the relative intensities of the other emissions from the 2!“Pb and 2'“Bi decays. To tie down this critical intensity
more conclusively there would be value in independent measurements with similar attention to detail to rule out
potential bias in the source activity certification, detector efficiencies and cascade summing corrections.

3.1.4 210Bj

For 219Bi, the mean beta energy in the DDEP library is significantly lower than that in the other three libraries,
with a difference more than 20 times the uncertainties that accounts for approximately 3% of the total beta energy.
The DDEP evaluators [39] note that the LOGFT program was used to calculate the log ft = 8.0 value assuming an
allowed transition, whereas the average beta energy was calculated for a first forbidden transition using experimentally
determined shape factors [40] and the BetaShape program [41]. The ENSDF evaluators [42] determine the same log ft
value and endpoint energy, but use the shape factor of [43]. This decay from the 1~ ground state of 2'1°Bi to the
0" ground state of 219Po is a first forbidden non-unique transition. With the calculation of beta spectra for non-
unique transitions being far more difficult than for unique transitions a generalisation calculating forbidden non-unique
transitions as unique transitions is often made without theoretical justification. Mougeot 2015 [44] calculates the mean
energy for the unique transition as 388.66 keV, which is very similar to the ENSDF and JEFF evaluated mean energy.
This suggests that these evaluations used this common generalisation, and the measured shape factor used by DDEP
may be preferable. However, the calculation of log ft assuming an allowed transition, by both DDEP and ENSDF
evaluators, is still questionable. Also further measurements of the shape of the beta spectrum may be warranted, since
there is currently only a single measurement of this.

3.2 235U decay series

The half lives and decay modes with branching ratios for the 23°U decay series are given in table 4. There is good
consistency in all these values across the four evaluated libraries. The mean decay energies for the 23°U decay series
are given in table 5. These mean energies are largely consistent across the different libraries considered. The half
lives and decay energies and intensities for all the radionuclides in the 23°U series show no significant variation across
the different evaluations, and in addition the DDEP evaluators for these radionuclides do not report any issues with
inconsistencies or incomplete decay schemes. This suggests that these values may be used with more confidence.

3.3 232Th decay series

The half lives and decay modes with branching ratios for the 232Th decay series are given in table 6. There is good
consistency in all these values across the four evaluated libraries, suggesting that these values can be used with
confidence. The mean decay energies for the 232Th decay series are given in table 7. While in the majority of instances
these are consistent across the four evaluated libraries, and thus may be used with confidence, there are some exceptions
to this which warrant further examination.
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Table 4. Half lives and decay modes for the ?**U decay series from the JEF2.2, JEFF3.11, ENSDF and DDEP evaluated
libraries.

Nuclide Half life Decay modes and branching ratios
JEF2.2 JEFF3.11 ENSDF DDEP JEF2.2 JEFF3.11 ENSDF DDEP
25U 703.814x10%a 703.814x10%a 703.814x10%a 704x10%°a a to **'Th
21Th  1.06333d 1.06333d 1.06333d 1.06342d to *'Pa
Blpy  32760.8a 32760.8 a 32760.8 a 32760 a a to 22"Ac
2TAc  21.77347a 21.77348 a 21.77247 a 21.772a B to ?*"Th
(98.62%)
a to ?%3Fr
(1.38%)
2TTh  18.71806d 18.71806 d 18.68d - a to *?°Ra
2Z2BEr 21.8m 21.8m 22m 22m Bto?PRa Bto?Ra fto?*®Ra [ to?**Ra

(99.994%)  (99.994%)  (99.994%)  (99.998%)
ato @At ato At ato At o to 29At
(0.006%)™  (0.006%)™  (0.006%)™  (0.002%)®

223Ra 11.43d 11.43d 11.43d 11.43d a to 2'°Rn
29Rn  3.965s 3.96s 3.96s 3.80s a to 2°Po
215pg 1.78 ms 1.78 ms 1.781 ms 1.781 ms a to 2''Pb a to 2''Pb a to 2''Pb a to 2''Pb

(99.9996%)  (99.9996%)  (99.9998%)  (99.9998%)
Bto?PAt  [to2PAt  Bto?PAt S to 2PAL
(0.0004%) ™ (0.0004%)™  (0.0002%)™  (0.0002%)

2php 36.1m 36.1m 36.1m 36.1m B to 2*'Bi

211 Bj 2.17m 2.17m 2.14m 2.15m a to 20771 a to 20771 a to 20771 a to 2771
(99.727%)  (99.727%)  (99.724%)  (99.724%)
Bto?Po  Bto?MPo  Bto?™Po S to 'Po
(0.273%) (0.273%) (0.276%) (0.276%)

20771 4.77Tm 4.77m 4.77m 4.774m B to 2°"Pb

21py 516 ms 516 ms 516 ms 516 ms a to 2°"Ph

@) Data for very low yield branches are not tabulated here.

3.3.1 228Ra

For 2?8Ra, the mean gamma energies show significant variation. The DDEP and ENSDF values are both much larger
than the JEF2.2/JEFF3.11 values, slightly in excess of the larger uncertainties on the earlier evaluations, and the
DDEP value is small than the ENSDF value with the difference more than one sigma. Although it is noted that
these mean gamma energies are all < 0.4keV and have no significant influence for most applications. The DDEP
evaluator [45] notes that only one paper [46] reports gamma ray energies, and only two reported lines have associated
intensities. These were used to calculate emission probabilities for three other gamma rays, with a further three
observed transitions not included in the decay scheme.

The DDEP evaluation reviews beta intensities, but does not report mean energies for these transitions, noting that
the ENSDF assigned intensities result in negative gamma emission probabilities. For this work, the DDEP intensities
have been matched with the ENSDF mean energies to calculate a mean beta energy for the DDEP data. The DDEP
evaluator also notes that the evaluated half life is based on three measurements, the most recent in 1962.

3.3.2 228Ac
For 2?8 Ac, the mean gamma energy from the JEF2.2/JEFF3.11 libraries are much larger than given in the ENSDF

and DDEP libraries, although these are consistent within the large uncertainties of the earlier evaluations these
differences are 9 times the smaller uncertainties from the ENSDF and DDEP libraries. The DDEP evaluation [47]
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Table 5. Mean decay energies for the 2*>U decay series from the JEF2.2, JEFF3.11, ENSDF and DDEP evaluated libraries.

Nuclide Mean « energy (keV) Mean 3 energy (keV) Mean ~ energy (keV)
JEF2.2 JEFF3.11 ENSDF DDEP JEF2.2 JEFF3.11 ENSDF DDEP JEF2.2 JEFF3.11 ENSDF DDEP
B5U 4387 4389 4339 4391 149.5 148.6 148.6  148.55
+165  +15 +14  40.60
231y 77 7 79 78 13.16 13.16 13.13  13.12
+21 +21 +0.42  +0.19
2lpa 4974 4974 4924 4985 31.46 31.46 33.24  31.50
+13  +115 +1.17  +0.98
22TAc  68.11 68.11 70.26  71.27 9.8 9.8 9.8 0.1752  0.1752  0.0861  0.0816
+1.40 +1.38 +0.7 +0.0037 40.0015
2TTh 5911 5901 5901 @ 99.3 108.5 154.3 @
+97 +4.8
23 (.32 0.32 0.3277  1.06 339 339 346 355 48.9 48.9 47.3 45.8
+0.0018 =+0.23 +26 +53 +4.6 +4.1
223Ra 5678 5678 5665 5711 86.30 86.30 89.33  90.87
4833  £111 +1.06  40.98
219Rn 6759 6759 6755 6756 53.65 53.65 56.58  57.98
+88 +73 +2.43  +1.07
215py 73859 73859  7388.0 7385.8 0.0009  0.0009 0.21 0.21 0.30 0.25
422 422 +0.09  40.08
2l1py 444.7826 444.7826 4455  445.8  66.82 66.82 63.09  63.12
+23 423 +0.62  40.60
2HBi  6548.7  6548.7  6549.0 6548.3  0.481 0.481 0.477 0477  45.51 45.51 45.71  45.63
+12.8  +21.0 +0.009  40.009 +0.40  40.67
207 491.3 491.3 491.6 4912  2.18 2.18 2.38 2.38
+21 421 +0.08  40.08
2Py 7442.2 74422 7442.0 74426 7.7317  7.7317 8.01 7.60
+1.9 420 +0.24  +0.13
Total® 41650 41642 41530 41688 1027 1027 1030 1028 548 556 605 606
4226 4202 +21 +21 +6 +5

(8) 2277y 10t included in the DDEP library at time of writing (ENSDF used in total).
(®) The totals include scaling to branching ratios (table 4), where appropriate.

notes that this decay scheme is incomplete, with the effective Q-value calculated from individual decay rates and
intensities (2010 + 100keV) low compared to the Q-value from mass differences (2123.8 + 2.7keV). There is a ~ 7%
discrepancy between beta and gamma emissions, suggesting missing gammas. “Further measurements of the gamma
data, particularly at low energy, would be of benefit, as would coincidence studies to validate the placement of gammas
in the level scheme” [47]. Absolute gamma emissions were normalised to the 463keV emission, however it is noted

that “this value is not consistent with expected beta decay characteristics” [47].

3.3.3 220Rp and 216Po

Although there are no differences between the different evaluations for 22°Rn and 2'6Po, the DDEP evaluator [48,49]
notes that the alpha decay energies and intensities are derived from gamma spectrometry measurements. Although
these are internally consistent, it is recommended that alpha particle studies are needed to confirm the validity of the

proposed decay schemes.
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Table 6. Half lives and decay modes for the 2*2Th decay series from the JEF2.2, JEFF3.11, ENSDF and DDEP evaluated
libraries.

Nuclide Half life Decay modes and branching ratios
JEF2.2 JEFF3.11 ENSDF DDEP JEF2.2 JEFF3.11  ENSDF DDEP

232Th  1.40503x10'%a 1.40503x10'°a 1.40503x10'%a 1.402x10'°a « to ?**Ra

228Ra  5.75012a 5.75012a 5.75012a 5.75a 8 to 228 Ac

22Ac  6.15h 6.15h 6.15h 6.15h B to ?*®Th

228Th  1.91304a 1.9127a 1.91204 a 1.9126a a to ?*'Ra

224Ra 3.62d 3.64d 3.66d 3.631d a to 22°Rn

220Rn  55.6s 55.85 55.65 55.8s a to 2*°Po

216py  145ms 150 ms 145 ms 148 ms a to 2'?Pb

212py 10.64h 10.64h 10.64h 10.64h 8 to 2'2Bi

212Bi  1.00917h 1.009 h 1.00917 h 1.009h ato 28Tl ato 2Tl « to 2°T1 « to 2°°TI

(35.9386%)  (35.93%) (35.94%)  (35.93%)
Bto?2Po B to??Po B to2?Po A to *'?Po
(64.0474%) (64.056%)  (64.06%) (64.07%)
Bo to 2%%Pb  Ba to 2°®Pb
(0.0140%)  (0.014%)

20871 3.055m 3.053m 3.053m 3.058 m 8 to 2°%pPb

212py  0.300 ps 0.298 s 0.299 s 0.300 s a to 2°8Ph

Table 7. Mean decay energies for the >3*Th decay series from the JEF2.2, JEFF3.11, ENSDF and DDEP evaluated libraries.

Nuclide Mean « energy (keV) Mean 3 energy (keV) Mean « energy (keV)
JEF2.2 JEFF3.11 ENSDF DDEP JEF2.2 JEFF3.11 ENSDF DDEP JEF2.2 JEFF3.11 ENSDF DDEP
22Th 4010 4010 3997 3997 0.145 0.145 0.197  0.195
+170 +170 +73 +73 +0.033  +0.033  +0.010 +0.013
228Ra, 7.6 7.6 7.2 7.6 0.158 0.158 0.369  0.292
+1.3 +1.3 +0.7  +1.5® +0.152  +0.152  £0.028 +0.020
228\ 373.4 3734 354.5  354.4 956 956 864 864
+44.6  +44.6  +£353 +353 4134 +134 +10 +10
28T 5398 5401 5404 5403 1.986 1.833 1.962 1.909
+69 +15 +80 +38 +0.030  +0.089  +0.018 +0.027
224Ra 5673.3  5672.8  5673.0 5672.8 9.64 10.00 9.96 10.00
+3.2 +5.5 +3.2 439 +0.12 +0.10 +0.12  40.10
220Rn  6287.59 6287.59 6287.00 6287.58 0.693 0.627 0.6267  0.632
+1.03  +1.37  +1.45 +1.28 +0.066  +0.088  +0.0001 +0.083
216py  6778.5  6778.6  6778.0 67784 0.0145  0.0153  0.0153  0.0153
+0.5 +0.5 +0.5 405 +0.0024 +0.0024 +0.0024 40.0024
212pp 101.3 100.7 100.2  101.3  114.7 114.5 114.8 115.1

+4.4 +3.1 432  +22 407 +1.0 +1.3 +1.3
212Bj  2176.5  2175.1  2175.0 2174.0 488.7 491.4 493.9  493.7  105.8 104.6 102.9 103.9
+7.1 +9.1 +52 489 424 +2.2 +1.2  +09  +1.3 +1.3 +1.2 +0.9
2081 556 554 560 559 3378 3379 3375 3374
+14 +5 +5 +5 +12 +6 +2 +2
212py  8784.60 8785.06 8785.00 8785.17
4879  4+0.01  +0.12 +0.11
Total® 35950 35950 35940 35941 1171 1172 1157 1158 2403 2402 2308 2308
+180 +170 +110  +83 +45 +45 +35 +35  +134 +134 +10 +10

@) 228Ra mean B not included in the DDEP library at time of writing (calculated using ENSDF mean energies and DDEP intensities).

(®) The totals include scaling to branching ratios (table 6), where appropriate.
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Table 8. Half lives and decay modes for °K and 3"Rb from the JEF2.2, JEFF3.11, ENSDF and DDEP evaluated libraries.

Nuclide Half life (x10° a) Decay modes and branching ratios
JEF2.2 JEFF3.11 ENSDF DDEP JEF2.2 JEFF3.11 ENSDF DDEP
10K 1.280 1.265 1.248 1.250 B to ‘°Ca 8 to °Ca 8 to *°Ca B to *°Ca

+0.010  +0.020 4+0.003  40.003
(89.3+£0.1%)  (89.14+0.13%) (89.14 +0.18%) (89.25 + 0.17%)
EC/S to *°Ar  EC/B% to **Ar  EC to “°Ar 27 EC to “°Ar 27
(10.740.1%)  (10.86 +0.13%) (10.66 & 0.13%)  (10.55 & 0.11%)
EC to °Ar gs EC to “°Ar gs
(0.2040.10%)  (0.20 + 0.10%)
BT to 1°Ar gs BT to %Ar gs
(0.00100 (0.00100
4+0.00013%) +0.00012%)
8TRb 47.97  48.10 48.10 @) B to ¥7Sr
+1.30  +0.90 40.90

@) 87Rb not included in the DDEP library at time of writing.

Table 9. Mean decay energies for *°K and 8"Rb from the JEF2.2, JEFF3.11, ENSDF and DDEP evaluated libraries.

Nuclide Mean 3 energy (keV) Mean ~ energy (keV)
JEF2.2 JEFF3.11 ENSDF DDEP JEF2.2 JEFF3.11 ENSDF DDEP
K 521.56+0.6 453.2+0.7 499.3+£1.0 453.7+09 156.3+15 155.7+£1.9 155.84+2.7 154.1+1.6
Rb  78.8+£0.7 81.7+0.7 81.7+07 (@)

@) 87Rb not included in the DDEP library at time of writing.

3.4 K and % Rb

Potassium and rubidium are often associated in minerals, and thus it is conventional to combine the beta dose rates
from both for assumed relative composition. The half lives and decay modes for these radionuclides are given in table 8,
with the mean decay energies in table 9.

For 4°K the half lives given in the evaluated libraries considered here carry relatively large uncertainties, of 1.0-1.5%
for the JEF2.2 and JEFF3.11 libraries, and 0.2% for the ENSDF and DDEP libraries. In addition, the half lives vary
significantly with the JEF2.2 value approximately 2.5% larger than that given in the ENSDF and DDEP libraries.
This difference in half life is significant for the calculation of many derived parameters when “°K activity is given
in terms of elemental composition (%K), and also for geochronology applications based on “°K decay. There is also
considerable variation in the mean beta energies reported in each library, ranging from ~ 450keV to ~ 520keV. This
variation could introduce 5-10% errors in applications needing the energy production, such as dose rate measurements
and geothermal heat production.

3.4.1 9K half life

The half lives listed in table 8 range from 1.25 to 1.28 x 10° a, a variation in excess of 2%. with uncertainties of
~ 0.25% for the most recent evaluations (ENSDF and DDEP). The DDEP and ENSDF values are consistent within
stated uncertainties, as are the JEF2.2 and JEFF 3.11 values which have much larger uncertainties. However, the
JEF2.2 value is inconsistent with the ENSDF and DDEP values, and the JEFF3.11 value is only consistent because
of the large uncertainty ascribed to it.

40K decays by competing paths, beta™ decay to “°Ca and electron capture and beta®™ decay to “°Ar. The total
half life is determined directly or from measurements of the partial half life for each of these paths, and the associated
branching ratios (see sect. 3.4.3 below). The DDEP evaluators [50] consider 14 measurements of the partial half life for
the electron capture decay to the excited °Ar state (measured from the de-excitation gamma ray at 1460.8keV), 19
measurements of the partial half life for the beta™ decay to °Ca, and 6 total half life measurements. After recalculating
the partial half lives with the appropriate branching ratio, the total half lives used in the DDEP evaluation are shown
in fig. 1. It is noted that all but one of these measurements were conducted in the 1970s or earlier. The exception [51]
was conducted specifically in response to a call for improved decay constants for geochronology, with measurements
conducted to high precision using liquid scintillation counting of multiple samples of KCl and KNOj solutions.
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Fig. 1. “°K half lives used for DDEP evaluation (taken from [49]). Red points were excluded from the evaluation.

Measurements of the half life also require the natural abundance of °K. The data used for the DDEP and ENSDF
evaluations are based on a natural abundance of 0.011672 4 0.000041% [52], generally accepted as the most accurate
measurement, with some earlier reported values adjusted to use this abundance. Recent more precise measurements
of 0.011668 4 0.000008% [53] are consistent with this, but are too recent to have been included in the evaluations. The
value recommended by the International Union of Pure and Applied Chemistry [54] of 0.00117 + 0.0001% increases
the uncertainties in table 8 by a factor of four, and the use of this value would account for much of the increased
uncertainties in the JEF2.2 and JEFF3.11 evaluations.

In geochronology based on the decay of °K it is desirable to know the “°K to the greatest possible precision. Given
the importance of the °K decay constants in these communities, independent evaluations of the half life and branching
ratios have been conducted combining experimental nuclear physics data with Ar-Ar ages from independently dated
minerals. Min et al. 2000 [55] reviewed nuclear data giving an evaluated half life of 1.255+0.025 x 10° a, and comparisons
between Ar-Ar and U-Pb dating giving a half life of 1.29 x 10° a. Combining these produces a half life of 1.269+0.025 x
10% a, with a beta™ decay branching ratio of 0.8944-0.019. Renne et al. 2010 [56] conducted a much larger comparison
of Ar-Ar with U-Pb dates and produced a half life of 1.2479 + 0.0024 x 10 a, consistent with the ENSDF and DDEP
values, with a slightly reduced uncertainty.

3.4.2 Mean beta™ decay energy

Values for the mean beta™ decay energy also vary significantly between different evaluated libraries. This value is a
function of the beta end point energy, the shape of the beta spectrum and the branching ratio for the beta™ decay to
40Ca. These values are given in table 10. The end point of the beta™ decay energy spectrum is consistent across all
evaluated libraries, with only small variations in the branching ratios. The major difference to the mean energy is the
shape of the beta™ decay spectrum assumed, which significantly varies the mean energy per beta™ decay.

To determine the mean beta decay energy, it is necessary to know the shape and end-point energy of the beta
spectrum. The shape of the beta spectrum is proportional to a factor pW¢? for sharing momentum between the
leptons, the Fermi function F(Z, W) and a shape factor C(W):

dN
— W@EF(Z,W)C(W
7 XPWaFZ W)eWw),
where W is the total beta energy, Z is the atomic number of the daughter, p is the momentum of the beta particle
and ¢ the momentum of the neutrino.
Theoretical shape factors for allowed or forbidden unique transitions are given by

p2h=1) g2(L=Fk)
C(W) = (2L —1)! ZAk Qk—l)[(Lfk) e

where L = AJ, and L = 1 for AJ = 0. The parameter \; cannot be calculated in a straightforward manner, and
typically an assumption that A\ = 1 is used.
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Table 10. “°K beta™ decay energies in different evaluated libraries.

Library Date End point Mean energy per beta decay Branching ratio Mean energy per *°K decay
(keV) (keV) (keV)
JEF2.2 1993 1311.6 £ 0.5 584.9 £ 0.6 0.893 £+ 0.001 521.48 + 0.62
JEFF3.11 2007 1311.04 £0.12  508.29 £ 0.05 0.8915 + 0.0013 453.16 £ 0.66
ENSDF 2004 1311.07 £0.12  560.18 £ 0.05 0.8914 £+ 0.0018 499.3+£1.0
2017 1311.07+£0.12  560.18 £ 0.05 0.8928 £ 0.0013 500.1 £1.0
DDEP 2009 1311.07+£0.12  508.32 £ 0.05 0.8925 + 0.0017  453.68 + 0.87

Leutz etal
------ Grau Carles & Kossert
T T T T

600 800 1000 1200 1400

Energy (keV)

Fig. 2. Beta spectra calculated by the BetaShape program [44,58] using theoretical shape factors, with the A = 1 assumption,
for allowed and first, second and third unique forbidden transitions, and for experimentally derived shape factors reported by
Leutz et al. 1965 [57] and Grau Carles and Kossert 2007 [59]. All spectra are calculated using an endpoint energy of 1311.07keV.

Table 11. Mean beta energies calculated for an endpoint energy of 1311.07keV using the BetaShape program [44, 58] for
theoretical shape factors, assuming Ar = 1, and experimentally measured shape factors. With mean energies from the LOGFT
program for comparison.

C(W) Mean beta energy (keV)
BetaShape LOGFT

Allowed 1 507.83+0.05  508.31 +0.05

1U p? + ¢ 536.08 4 0.05 534.04 % 0.05

2U pt+qt+ 27 563.01 £ 0.05 560.18 + 0.05
3U P’ + ¢ + PP+ ) 587.89 =+ 0.05
Leutz et al. (1965) 0.95p° + 1.05¢° + 6.3p°¢* + 6.25¢°p*  583.98 £ 0.05
Grau Carles and Kossert (2007) 1.8p°% + 1.23¢% + 7p¢* + T¢%p? 569.26 + 0.05

The decay from 4°K (ground state 47) to 4°Ca (ground state 0%) is a third forbidden unique transition. The
commonly used LOGFT program for calculating the shape of the spectrum only calculates allowed and first and
second unique forbidden transitions, and defaults to the parameters for an allowed transition if any other transition
type is input. This program was used by the evaluators for both the ENSDF and DDEP libraries.

Recalculations of the beta spectral shapes to evaluate the reliability of the A\, = 1 approximation [44] have included
the 4K beta spectrum using an experimental shape factor from Leutz et al. 1965 [57]. The program BetaShape [41,
44,58] has been used to generate spectra for different shape factors (fig. 2), theoretically with the \;, = 1 assumption
and for experimental shape factors reported in the literature. The mean beta energies have been calculated for these,
and given in table 11 with corresponding mean energies from LOGFT for the allowed and first and second unique
forbidden transitions. The mean energy for the Leutz et al. 1965 [57] shape factor is identical to that reported by
Mougeot 2015 [44]. Recent high precision measurements of beta spectra have been conducted [59], proposing a shape
factor of the form C(W) = A\1p® + Xaq® + 7p?¢2 (p* + ¢?) for 2°K, with A\; = 1.8 and Ay = 1.23, to resolve discrepancies
between cutoff energy yield and maximum point energy. However, the authors note that this form of shape factor fails
Cherenkov counting tests.
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Table 12. “°K decay probability ratios and probabilities from the ENSDF and DDEP evaluations.

Ratio ENSDF (2004) DDEP Comment

Prc,1460: Pﬁ, 0.1195 4+ 0.0014 0.1182 4+ 0.0012 Ratio of partial half lives, determined from intensities
of the 1460 keV gamma and beta™ decay

Pg+: Py (112 4£0.14) x 107°  (1.1240.14) x 107° BT is a very difficult measurement due to low intensity

and pair production from 1460 keV gamma.
Prc,gs: P@+ 200 £+ 100 200 £ 100 Calculated theoretically.
Note that the 2017 ENSDEF evaluation sets this to zero

Probability

Ps- 89.14 4+ 0.13% 89.25 £ 0.17%

PEc 1460 10.66 + 0.13% 10.55 +0.11% This corresponds to the 1460 keV gamma intensity.
Prc s 0.20 £0.10% 0.20 £ 0.10% Note that the 2017 ENSDF evaluation sets this to zero
Pg+ 0.00100 =+ 0.00013% 0.00100 = 0.00012%

When allowed to default to the allowed transition the LOGFT program generates a mean energy of 560.18 keV,
when forced to the 2U transition it generates 508.32keV. The mean energy per decay (table 10) suggests that the
JEFF3.11 and DDEP evaluations forced LOGFT to the 2U transition, whereas the ENSDF evaluations allowed LOGFT
to default to the allowed transition. The DDEP evaluators [50] state that the mean energy is given by the LOGFT
program, without further elaboration. The mean energy calculated from the BetaShape program for the theoretical
3U shape factor and the experimentally measured shape factor of Leutz et al. 1965 [57] are significantly larger than
the mean energies calculated by LOGFT and used in the ENSDF and DDEP evaluations. The mean energy used in
the older JEF2.2 evaluation, and the value of 583keV given in the 7th edition of Table of Isotopes [10] is consistent
with these 3U shape factors. This suggests that in the case of “°K evaluations would have been more accurate if the
earlier experimental shape measurements were used, rather than the use of a program incapable of calculating the
correct shape.

3.4.3 Branching ratios

The final parameter for the estimation of the mean beta™ decay energy per “°K decay is the branching ratio for the
beta~ decay route. The decay of *°K follows four possible decays, each with a corresponding probability. The probability
of electron capture to the excited state of “°Ar also determines the gamma energy per decay. For geochronology based
on decay of 4°K the total probability of decay to “°Ar is needed, and in addition the probability of beta® decay is
important since this mode would include recoil effects that may affect argon retention:

— Beta™ decay to the ground state of *°Ca (Ps-);

— Electron capture to the 1460.8keV 2% level of *°Ar (Prc,1460);
Electron capture to the 07 ground state of “OAr (PrC,gs);

— Beta™ decay to the 07 ground state of “°Ar (Pg, ).

Ratios of the probability for each path are determined (table 12), from which the probability for each decay path
can be calculated. The difficulties in measuring 87 decays results in experimental data being limited to maximum
values for the Pg+: P~ ratio.

The 2004 ENSDF evaluation [60] includes a betat decay branch to the “°Ar ground state, this transition is excluded
in the 2017 evaluation [61] resulting in a slight increase in the branching ratio for the beta™ decay to %°Ca, without
any elaboration on the reason for this within the published evaluation. For the earlier ENSDF evaluation, and the
DDEP evaluation, this path was calculated based on a theoretical calculation of the Pgc gs: P+ ratio, which can be
calculated for 1U and 2U transitions using LOGFT, with an assumption made for the value for 3U transitions. This
is described in the documentation for the DDEP evaluation, “The Pec g / Pg+ ratio was calculated theoretically by
Helmer, as described hereafter. The LOGFT program cannot calculate this ratio for this unique 3rd 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 Pec gs/Pg+ = 240. Following Helmer’s choice, a value of 200 (100) for Pec gs/Pg+ was adopted in
the present calculation.” [50]. A calculation of this ratio for the 3U transitions would remove this assumption.
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Table 13. Dose rate conversion factors for an infinite matrix reported in recent literature [62-64], and from this work. The beta
conversion factor using the mean “°K decay energy from the experimental shape factor of Leutz et al. (1965) [57] is included.

Source 285428 (mCy a~ ! ppm ™) 282Th (mGy a~! ppm ™) 0K + 8"Rb (mGy a~'% ~1)®
Alpha Beta Gamma  Alpha Beta Gamma  Beta Gamma
Adamiec and Aitken  2.780 0.1460 0.1130 0.732 0.0273 0.0476 0.8023 0.2433
(1998) [62]
Guerin et al. 2.795 0.1457 0.1116 0.738 0.0277 0.0479 0.8167 0.2491
(2011) [63]
Liritzis et al. 2.793 0.1459 0.1118 0.738 0.0275 0.0481 0.8196 0.2498
(2013) [64] +0.011  £0.0004 +£0.0002 +0.003  £0.0009 +£0.0002 +0.0073  £0.0048
JEF2.2 2.795 0.1446 0.1157 0.737 0.0279 0.0502 0.8329 0.2443
+0.025 £0.0011  £0.0021  £0.005 £0.0009  £0.0028  £0.0097  £0.0036
JEFF3.11 2.795 0.1442 0.1155 0.737 0.0278 0.0502 0.7352 0.2463
+0.012  £0.0011  £0.0019 £0.005 +£0.0009 £0.0028 £0.0131  £0.0053
ENSDF 2.794 0.1464 0.1117 0.737 0.0279 0.0483 0.8193 0.2497
+0.019 £0.0024 £0.0010 £0.004  £0.0007  £0.0003  £0.0075  £0.0048
DDEP 2.793 0.1461 0.1115 0.739 0.0279 0.0484 0.7458 0.2470
+0.019 £0.0024  £0.0009  £0.005 £0.0009  £0.0003  =£0.0069  £0.0034
Leutz et al. (1965) 0.854
+0.008

@) Calculated assuming 50 ppm Rb/1% K.

The parameter log ft is used to determine the partial half life for a given beta decay or electron capture transition.
The Fermi integral f(Z4, Q) is a function of the atomic number of the daughter (Z;) and the transition Q value,
and is readily calculated and tabulated. The comparative half life is the product of the Fermi integral and the half
life of the decay path (in seconds), ft, which spans many orders of magnitude and is conventionally expressed as the
common logarithm, log ft. Values for log ft fall into groups that correlate to spin and parity change in the decay, and
calculated values can be used to determine partial half lives and branching ratios.

The DDEP evaluators [50] state that the log ft value (20.58 £ 0.01) for the beta™ decay transition to the ground
state of 4°Ca was estimated from the log ft values for the 1U and 2U transitions, with the assumption that the
value for the 3U transition increases by the same proportion. This follows the same assumptions as that used for the
decay probabilities for the EC and beta® decay transitions to the **Ar ground state described above. For the ENSDF
evaluation, the log ft value (20.75) is “from private communication from R.B. Firestone” [60,61].

4 Impact on derived parameters

The nuclear data reviewed here is used to derive parameters applied to other disciplines. Two examples of the parame-
ters are given here, conversion factors for calculating dose rates in an infinite matrix and for calculating geological heat
production rates. Both sets of parameters are determined for an infinite matrix, thus removing the need to consider
radiation transport and other factors in the calculations. Values are presented for these derived from the evaluated
libraries examined in this work and reported in the literature, and the impact of the differences between evaluations
noted.

4.1 Dose rate conversion parameters

Table 13 lists the dose rate conversion parameters calculated in this work for the JEF2.2, JEFF3.11, ENSDF and DDEP
libraries, along with a conversion parameter using the mean beta energy for “°K calculated for the experimental shape
factor of Leutz et al. 1965 [57]. For comparison, three commonly used literature values are also included. Note that
these literature values all derive from earlier versions of the ENSDF library.
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Table 14. Heat production constants calculated by Birch (1954) [65] and Rybach (1976) [66], and calculated in this work for
data from the JEFF3.11, ENSDF and DDEP libraries, and for “°K using the mean beta energy from the Leutz et al. (1965) [57]
experimental shape factor.

Decay series/element Heat production (W kg™ 1')

Birch (1954)

Rybach (1976)

JEFF 3.11

ENSDF

DDEP

Leutz et al. (1965)

B8y 9.41 x107°  9.17 x 1077 (9.500 £ 0.009) (9.508 +0.012) (9.493 4+ 0.012)
x107° %1075 x107°
5y 5.70 x 107* 575 x 1074 (5.674 £0.008) (5.675£0.011) (5.675 % 0.011)
x107* x1074 x1074
U (natural) 9.68 x 107°  9.52 x 107° (9.83540.010) (9.843 £0.011) (9.828 & 0.012)
x107° x107° x107°
22T 2.65 x 107°  2.56 x 1077 (2.649 £0.013) (2.652 £0.012) (2.652 4+ 0.012)
x1075 %1075 x1075°
K (natural) 3.58 x 107%  3.48 x 107° (2.981 4 0.048) (3.251 £0.016) (3.01140.012) (3.345 4 0.012)

x107°

x107°

x107°

x107°

It can be seen that in most cases there is no significant difference in dose rate conversion parameters between the
different libraries and literature values. For the uranium series, the use of the Morel et al. (2004) [38] 2'4Bi data in the
ENSDF and DDEP evaluations slightly increases the beta conversion parameter, and decreases the gamma conversion
parameter, to values consistent with the recent literature values (which used the ENSDF library). For the Th series,
the larger gamma decay energy for 228 Ac used by the JEF2.2/JEFF3.11 evaluators is evident. For K+Rb, the variation
in 49K half life values is reflected in the scatter in the gamma conversion parameters, though this is still within 20.
More significantly, the choice of shape factor for the “°K beta decay has a very substantial effect, with the parameter
for the Leutz et al. (1965) [57] shape factor 4% larger than for the 2U shape factor used in the ENSDF evaluation,
and 15% larger than the allowed shape factor used in the DDEP evaluation.

4.2 Geothermal heat production

To assess heat production in rocks, used for assessing geothermal potential, the nuclear recoil energy also needs to
be considered. In practice, this has been calculated from the atomic mass difference between the parent nuclide and
the stable daughter at the end of the decay chain, less the mass of alpha particles released and the energy carried by
neutrinos [65,66], with the mean neutrino energy taken as 2/3 the beta endpoint energy.

The evaluated libraries considered here allow a more precise calculation of the neutrino energies (the beta endpoint
energy less the mean beta energy). The DDEP library does not include the atomic masses, however the Q-value for
each decay is given which can then be summed to give the total energy release. The ENSDF library includes the atomic
masses, and the total energy release calculated from the mass differences and the summed Q-values agree. The heat
production constants calculated in this work from evaluated nuclear data are given in table 14, with values reported
by Birch (1954) [65] and Rybach (1976) [66].

The heat production rates for uranium and thorium are consistent for the three modern evaluations. The differences
in heat production constants for °K reflect the differences in mean beta energy (see sect. 3.4.2).

5 Discussion and conclusions

Nuclear data covering half lives, branching ratios, emission energies and intensities is used to derive parameters used
in a wide range of applications. It is essential that this data is accurate, as precise as possible and that practitioners
have confidence in the parameters derived from the nuclear data. The use of evaluated libraries provides a convenient
means of accessing nuclear data to calculate derived parameters. It is clear that, in some instances, there are significant
differences in recommended values produced by different evaluations. Where these occur one or other, or both, of the
evaluations must be in error. It is proposed that these differences between evaluations can be used to highlights
areas where the evaluations could be improved through better assessment of the primary nuclear data and collection
of additional data. By identifying and assessing such variations these data can be used with greater confidence to
determine derived parameters in applied work. That such variations exist should be taken as a warning that the
outputs of evaluations should not be accepted uncritically.
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Table 15. Summary of differences noted between evaluations.

Radionuclide

Summary

234mPa

(*38U series)

234p,
(*33U series)
218 p¢
(*38U series)
2144
(**3U series)
21035

(*38U series)

228,
(**2Th series)
228AC

(**2Th series)

1001 keV gamma intensity, agreement between most recent evaluations

but 40% higher than older evaluations.

Q-value for decay significantly higher in DDEP compared to ENSDF.

Significant differences in the mean beta energies. ENSDF and DDEP

evaluations report total beta intensities > 100%. Beta intensities may need re-examination.
De-excitation of ~ 62keV level (~ 90% beta decay branch) not observed.

Thus, evaluated gamma and conversion electron emissions may be under-estimated.
Absolute intensity for 609 keV gamma ray, defined by a single high precision data set,
used to normalise gamma intensity for >'*Bi and 2!4Pb.

Mean beta energy in DDEP significantly lower than in other libraries,

following a single measurement of the spectral shape.

Other libraries use a generalisation to an allowed transition.

Single paper reporting an incomplete gamma decay scheme.

Significant differences in evaluation of beta intensities.

Incomplete decay scheme, with further coincidence gamma measurements

recommended in the literature [47].

220Ry,, 216p,
(**2Th series)
10K Significant variability in half life between evaluations ENSDF, JEFF3.11 and DDEP

all appear to use incorrect shape of the 3U beta decay.

Alpha decay measurements to validate the decay scheme recommended [48,49]

Use of theoretical 3U shape boosts mean beta energy by 4.5%
compared to ENSDF and JEFF3.11, and by 15% compared to DDEP.
Branching ratios between EC and 87 decays to *°Ar poorly defined

In this paper, differences between three groups of evaluations have been highlighted and examined. These are
summarised in table 15. Of these, the most significant radionuclides for deriving parameters for applications are:

— 2MBj where a single relatively recent high precision data set dominates the newer evaluations producing mean
gamma and beta energies that are significantly different from earlier evaluations. It is not ideal that the evaluated
nuclear data is heavily dependent upon a single set of measurements. This observation also applies to 2!*Pb which
also relies on the same single measurement set, although the differences with earlier data are less pronounced.

— 2109Bi, where JEFF and ENSDF evaluators follow a theoretically unjustified generalisation of calculating forbidden
non-unique beta transitions as unique transitions, and DDEP uses a single experimentally measured beta spectral
shape.

— 228Ac had already been recognised as having an incomplete decay scheme. The decay schemes for 22)Ra and 23*Pa
are also recognised as being incomplete, and for 22°Rn and 2!%Po the alpha-decay schemes are derived from gamma,
measurements and additional alpha spectrometry would confirm the derived scheme.

— 40K has a considerable variation in historic half life measurements, though it is noted that more recent measurements
and determinations of half life from geochronometry produce consistent and precise values that suggest that the
value in recent evaluations is reliable. Branching ratios between the different decay modes, in particular for the
positron and electron capture decays to the °Ar ground state, remain relatively poorly defined. Most significantly
the mean beta™ decay energy is very poorly defined, with all recent evaluations considered reporting a mean
energy for an incorrect shape function. Currently the best measurement of the shape function is from Leutz et al.
(1965) [57], and is in close agreement to but not identical with the theoretical 3U shape function.

The resolution of the major uncertainties associated with these data sets would require a comprehensive re-
evaluation of the existing data, and in most cases the collection of more high precision data. The descriptions of
the differences and the underlying literature presented here could form the basis for such a re-evaluation of the exist-
ing data, and new data requirements have been identified here. Addressing the deficiency in the LOGFT program, or
creation of an alternative code, to directly calculate log ft values, and associated decay probabilities and branching
ratios, and mean energies for 3U and non-unique transitions would also be beneficial.
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It has been suggested [20] that DDEP represents the best data. On the evidence presented here comparing different
evaluations it is evident that generally DDEP and ENSDF are in agreement. Both DDEP and ENSDF benefit from
the inclusion of more recent data compared to the earlier JEF2.2 and JEFF3.11 evaluations, however both also include
some errors and evaluations based on incomplete decay schemes. The transparency within DDEP is a benefit when
assessing the data produced, although there are some points where the evaluators notes are incomplete. Where DDEP
and ENSDF differ there are occasions when the DDEP outputs are preferable (*!°Bi where DDEP uses a measured
beta spectrum, compared to an incorrect theoretical shape function used by ENSDF), occasions where it is not clear
either are better (**Ra where both use just a single poor data set), and occasions where both appear to be incorrect
(“°K where both use, different, incorrect theoretical shape functions for the beta decay spectrum). It is not clear that
either evaluation library, as a whole, is preferable, and an approach where the assessment of the choice of data, from
either library or other sources, to use is made on a nuclide by nuclide basis may be the best option. For which a
comparison between evaluations as conducted here would be essential.

The impact on derived parameters for two applications have been assessed. For conversion factors to calculate dose
rate the effects of the different evaluations for 2'9Bi, 2!*Bi and 22®Ac are reflected in gamma and beta conversion
factors of the uranium and thorium series, but the most significant impact is the choice of mean beta energy on the
40K conversion factor. For parameters to calculate geothermal heat production, the differences between evaluations
for the uranium and thorium series are small, but again the differences for “°K as a result of differences in mean beta™
decay energy are significant.
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