
Contribution to “Diamond Jubilee of RCA”

Stephan Heinitz*, Ivan Kajan and Dorothea Schumann

How accurate are half-life data of long-lived
radionuclides?

https://doi.org/10.1515/ract-2021-1135
Received December 10, 2021; accepted January 28, 2022;
published online April 21, 2022

Abstract: We have consulted existing half-life data avail-
able in Nuclear Data Sheets for radionuclides with Z < 89
in the range between 30 and 108 years with emphasis on
their uncertainty. Based on this dataset, we have high-
lighted the lack of reliable data by giving examples for
nuclides relevant for astrophysical, environmental and
nuclear research. It is shown that half-lives for a substan-
tial number of nuclides require a re-determination since
existing data are either based on one single measurement,
are contradictory or are associated with uncertainties
above 5%.
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1 Introduction

Isotopes with long half-lives are of special interest for sci-
entists in various fields of nuclear research, among others
related to energy production, nuclear astrophysics or
environmental applications:
– Fission products (e.g. 79Se, 135Cs) and minor actinides

can have a high radiological impact on the environ-
ment during operation and severe accidents of nuclear
power plants and on the residual heat production
during storage of spent nuclear fuel. Correspondingly,
high attention has to be paid in case of intermediate
and/or final disposal of nuclear waste.

– The so-called “branching points” in the nuclear
s-process nucleosynthesis (e.g. 60Fe, 79Se), radionu-
clides produced via the p-process (e.g. 148/150Gd, 146Sm,
154Dy) as well as several other long-lived isotopes, are

of high relevance for the understanding of the element
formation in the early solar system and the develop-
ment of our universe.

– Acouple of suitable isotopes (e.g. 10Be, 14C and 32Si) can
beused for nuclear dating of environmental samples in
order to reconstruct climate changes, material circu-
lations and other processes relevant in geoscience and
climate research.

The precise knowledge of the nuclear properties, in
particular half-lives, transition probabilities and branch-
ing ratios as well as cross sections of a variety of nuclear –
mainly neutron- and charged-particle-induced – reactions
of these isotopes is a precondition for the evaluation of
scientific data in any of these research areas. But how
reliable are the presently known data on the decay prop-
erties of these long-lived isotopes? In an astonishingly
large number of cases, we are dealing with very old mea-
surements, only a small number of determinations, large
uncertainties or even contradictory results. In the following
text, we aim to display an overview on existing half-life
data, especially pointing out some of the recent measure-
ments and the consequent necessity for re-evaluations. We
are going to discuss the impact of inaccurate or wrong
values, detect obvious lack of data, explain the reasons and
give some ideas for future improvement, including also a
brief sketch of own research activities for selected isotopes.
It is important to note that the underlying work does not
aim towards evaluation of the reported nuclear decay data
but should rather give a systematic overview on the current
knowledge about half-lives of long-lived isotopes. For a
very recent publication on recommended half-life data of
commonly used radionuclides and methods of their eval-
uation, the reader is referred to Ref. [1].

2 State-of-the-art

So far, more than 3000 radioactive isotopes are known
with half-lives lasting from a few nanoseconds to billions
of years. The definition of “short-lived” or “long-lived”
strongly depends on the corresponding applications. While
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“short-lived cosmogenic radionuclides” can have half-lives
of several million years, isotopes of super-heavy elements
with atomic numbers above 104 count already as “long-
lived” if they have half-lives of a couple of hours. In order to
be able to make a reasonable pre-selection of isotopes that
could be included in the current work, we have consulted
existing half-life data reported by the Nuclear Data Sheets
(NDS) for isotopes with T1/2 > 1 year, i.e. beginning with
106Ru. We excluded a priori all radionuclides that are
considered primordial giving an upper limit of T1/2 < 100
million years, i.e. ending with 244Pu. Figure 1 shows a
graphical illustration of the relative uncertainties (1σ) of
half-lives of these radioisotopes. The abbreviation ‘a’
(annum) is further used for the unit of ‘year’.

As can be seen from Figure 1a, for the majority of the
plotted isotopes (94 out of 120) the half-life is known with
less than 5% uncertainty. There are some notable excep-
tions that are partially denoted in the figure or are not
given at all, i.e. for 186mRe, 250Cmand 248Bk values have been
reported with no uncertainty. It is also noteworthy that for
the half-life range between 1 and 30 years the knowledge of
half-life data is of considerably better quality than that of
longer-lived isotopes. Out of 41 nuclides in this range, 34
are given with an uncertainty lower than 1% and the 12
most precisely known T1/2 data originate from isotopes in
this half-life range (with 60Co, 147Pm and 125Sb leading the
list). This is not surprising given the fact that decay

counting techniques are commonly applied for isotopes
whose half-life is shorter than the period of a human gen-
eration. Exceptions certainly exist, as for example for 101Rh.

We observe an overall trend that for isotopes
commonly encountered in fission or activation, i.e. on the
neutron rich side of the line of stability, half-life data are
generally better known and the respective number of T1/2
determinations is larger. This is especially true for isotopes
of the actinide series, where large effort has been put to
improve decay data for the nuclear energy community [2].
As can be seen in Figure 1b, the vast majority of half-life
data in the actinide region is more precise than that for
lighter isotopes – out of 35 nuclides in this region, 29 come
with an uncertainty lower than 1%. The half-lives of 238, 239,
240Pu and 241Am are among the most 20 precise, although
most of these nuclides live too long for practical decay
counting. Noteworthy is the astonishing certainty about
the 227Ac half-life as well as the lack of sophisticated data
for 247, 248Bk and 250Cm.

Based on the pre-selection given above, we decided to
omit the actinide series in the underlying work. We also
decided to set a lower limit for half-lives in the range of a
human generation, since it is mankind that defines the
perception of time scale. Therefore, for our evaluation here,
we make an arbitrary cut at 30 years, which is certainly as
good as any other, and call these isotopes “long-lived”. In
total, 54 radionuclides with half-lives matching these

Figure 1: Relative uncertainties (1σ) of half-lives for artificial radioisotopeswith T1/2 > 1 a as function of a) T1/2 andb) Z of the respective isotope.
Data based on entries in Nuclear Data Sheets. For isotopes marked with a hash symbol (#), new half-life determinations have been reported.
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criteria exist, with atomic masses from 10 (10Be) to 226
(226Ra), with a half-life range from 137Cs (30.08 a) to 146Sm
(6.8·107 a). A considerable amount of them (23) have given
uncertainties for the half lives of 5% or more. In some
cases, only one single measurement is reported and a
considerable number of measurements are older than 50
years. In Table 1, a summary of these isotopes included in
our review is given. All data are taken from the respective
Nuclear Data Sheets up to volume 177 and were updated
according to newmeasurements reported in literature until
31st of October 2021, new entries in the Evaluated Nuclear
Structure Data File (ENSDF [3]) and values recommended
by the Decay Data Evaluation Project (DDEP [4]). Un-
certainties are stated in concise notation. We do not claim
here absolute timeliness and completeness, which would
be beyond the scope of the present contribution.

During the last years, it became obvious that a number
of half-live values recommended by Nuclear Data Sheets
have to be re-evaluated due to recent measurements
showing considerable disagreement with values reported
earlier. Prominent examples are 60Fe [20, 21, 78], 126Sn [42],
79Se [79, 80], 135Cs [48] and 146Sm [81] with deviations up to
60% in comparison to former measurements. Considering
this experience, more data have to be expected to be
questionable, especially in cases, where only one mea-
surement exists orwhere themeasurements are very old, or
both. In particular, some of the works from the early 1950
and 1960s suffer from incomplete descriptions of the
measurement performance and barely documented esti-
mates of uncertainties, making the results doubtful for
critical evaluations. However, this does not automatically
mean that old data arewrong. For instance, themost recent
measurements of the 146Sm half-life [81] is not consistent
with two previous determinations, but is in good agree-
ment with older data within the uncertainties, making it
hard to judge what data to trust (see chapter 3.1.2). Similar
situations are found for 126Sn and 135Cs. In other cases,
newer studies reproduced the half-life values measured at
earlier times, but with significantly improved un-
certainties. Prominent examples are 182Hf [82], 166mHo [61],
41Ca [83], 129I [46] or 151Sm [53, 54].

The lack of reliable decay data for a considerable
number of long-lived isotopes urgently calls for an
improvement. However, a simple new measurement is not
always the solution of the problem. In particular in cases,
where already several, but contradicting half-life values
exist (for instance for 32Si or 135Cs, see the following chap-
ters) it is futile tomerely add onemore singlemeasurement
to this data landscape, which would rather complicate the
situation further. Instead, an extended set of new de-
terminations with highest accuracy is needed, from which

a new, recommended value can be deduced towards
acceptance as the consensually recommended value. Such
important efforts are currently undertaken in the frame of
the Decay Data Evaluation Project [4].

It is crucial that newly generated half-life data are
obtained by as much as possible independent and com-
plementarymethodswith aminimumdeviation of the final
values within the envisaged uncertainty. Otherwise, the
communitywould end upwith a similar data base, with the
marginal difference of one more data point. The conse-
quence of this would be – like before – that researchers
might pick the half-life value that fits best to their experi-
mental findings. This practice gives the impression that the
scientific results suffer from some arbitrariness and, hence,
are less reliable. Uses of various half-life values also
exacerbate comparison of results. A harmonization using a
commonly accepted half-life with low uncertainty is
imperatively needed. These requirements are extremely
challenging and depend substantially on the sample
quality. Exploring possible reasons for this unsatisfying
situation, several problems have to be faced.

At first, measurements of half-lives by following the
decay are nearly impossible for isotopes with half-lives of
more than a few hundreds of years due to detection system
instabilities. Instead of that, the experiment has to be
performed via the direct method making use of Eq. (1):

T1/2 =
N ⋅ ln 2

A
(1)

whereA is the activity of the isotope andN the number of its
atoms. This implies that two very accurate and indepen-
dent measurements (both of the activity A and the number
of atomsN) have to be performed,with a sample containing
sufficient amount of the wanted radionuclide in highest
purity and very precise sample preparation methods
allowing to trace back the corresponding sub-samples.
Both measurements can be – depending on the nature of
the isotopeunder study– very challenging. In particular, in
studies from the early 1950 or 1960s, very often, theoretical
predictions for the number of atoms were used, deduced
from cross sections, implantation probabilities, annual
deposition rates or other estimations. Some of the early
Accelerator Mass Spectrometry (AMS) measurements
applied for the determination of N suffered from insuffi-
cient knowledge on the total transmission, resulting in an
essential underestimation. Activity measurements on the
other hand often have to face several problems due to
unknown or uncertain branching ratios and transition
probabilities or are generally challenging for radionuclides
that emit low energetic radiation. In various of these cases,
radio-chemically pure samples are required, because any
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Table : List of isotopes matching the criteria of half-life ( a < T/ < 
 a) and atomic number (Z < ). Data extracted from Nuclear Data

Sheets; new determinations and alternative evaluations are given in the comments.

Nuclide T/ [a] according
to NDSa

Relative σ
uncertainty [%]

NDS
referencea

Year of latest
measurements

No. of
measurements

Comments

Be .()·
.% []   .()· a []

.()· a []
C .()·

.% []   DDEP & ENSDF: .()· a
Al .()·

.% []   DDEP: .()  a
Si () .% []   .() a []b

ENSDF: () a
Cl .()·

.% []   DDEP: .()· a
Ar () .% []   () a []
Ar .() .% []  

Ca .()·
.% []   DDEP: .()· a

Ti .() .% []   DDEP: .() a
Mn .()·

.% []c  

Fe .()·
.% []   .()· a []

.() and .()· a []
Ni .()·

.% []   DDEP: .()· a
Ni .() .% []   .() a []b

DDEP: .() a
ENSDF: .() a

Se .()·
.% []   DDEP: .()· a

Kr .()·
.% []  

Zr .()·
.% []   DDEP: .()· a

Nb () .% []  

Nb .()·
.% []  

Nb .()·
.% []   .()· a []

Mo .()·
.% []   .()· a []

Tc .()·
.% []  

Tc .()·
.% []  

Tc .()·
.% []   DDEP: .()· a

Pd .()·
.% []  

mAg () .% []   () a []
.() a []b,d

DDEP & ENSDF: () a
mSn .() .% []  

Sn .()·
.% []   .()· a []

.()· a []
.()· a []

I .()·
.% []   .()· a []

DDEP: .()· a
See also Ref. []

Cs .()·
.% []   .() and .()· a (σ) []

Cs .() .% []  > DDEP: .() a
See Ref. [] for new data

La ()·
.% []  

Sm .()·
.% []   See also []

Sm () .% []   .() a []d

.() a []d

DDEP: .() a
Eu .() .% []  

Gd .() .% []  

Gd .()·
.% []  

Tb () .% []  

Tb () .% []  

Dy .()·
.% []  

Ho () .% []  
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other radiation source in the sample would influence the
measurement result. Such samples are hard to produce and
normally requiremass separation after or before neutron or
charged particles irradiations. A very good overview on
how half-lives can be measured, the problems to be solved
and important conclusions can be found in Ref. [84].

Another reason for scarce half-life data is the avail-
ability of sufficient sample material. Studying the original
literature, it becomes obvious that in many cases the
amount of material available was extremely limited. The
half-life determinations for 53Mn, for instance, were per-
formed with only 1011–1013 atoms in total [77, 85, 86]. Very
often, the isotopes are very exotic and can hardly be pro-
duced by conventional means to obtain sufficient sample
material. Prominent examples are neutron-rich isotopes
such as 32Si and 60Fe or α-emitters of the lanthanide series
such as 150Gd and 154Dy. International collaborations of
metrology institutes with entities capable of producing and
isolating these exotic long-lived radionuclides are prereq-
uisite to enable measurements for improving the situation
in the current nuclear data landscape.

In the following, we highlight some examples for ra-
dioisotopes with insufficient, incorrect or contradicting
half-life data, with emphasis on the impact in various fields
of science.

3 Selected examples

3.1 Nuclear astrophysics applications

3.1.1 p-process examples: 91Nb (680(130) a), 92Nb
(3.47(24)·107 a) and 94Nb (2.03(16)·104 a)

Around 35 heavy, proton-rich isotopes occurring during
different stellar burning processes bypass reaction paths
like charged-particle induced fusion and neutron-capture
reactions. A series of photo-disintegration reactions occur-
ring in supernovae, called the p-process, in combination
with proton capture were proposed to explain the observed
abundance pattern. However, the models fail in case of the
light p-nuclei 92,94Mo and 96,98Ru [87, 88], these being the
p-nuclei with the highest isotopic abundance. Since recent
theories state that a chain of proton captures can lead to the
production of 92Mo, themain uncertainty for that production
scenario is the cross section of the 91Nb(p, γ) reaction and its
inverse reaction for the destruction of 92Mo. With respect to
this, the 91Nb(p, γ)92Mo reaction might be one of the key
reactions to explain the isotope production in this mass re-
gion. The exact knowledge on the decay rate of 91Nb (and, as
explained below, of the other long-lived Nb isotopes) is one
of the preconditions to correctly evaluate the situation.

Table : (continued)

Nuclide T/ [a] according
to NDSa

Relative σ
uncertainty [%]

NDS
referencea

Year of latest
measurements

No. of
measurements

Comments

mHo .()·
.% []   .()· a []d

DDEP: .()· a
mHf () .% []  

Hf .()·
.% []  

mRe · None []  

mIr () .% []  

Pt () .% []  

Hg () .% []  

Pb .()·
.% []  

Pb .()·
.% []  

Bi .() .% []   .() a []
DDEP: .() a
See also Refs. [, ]

Bi .()·
.% []  

mBi .()·
.% []  

Po .() .% []   DDEP: () a
Ra .()·

.% []   DDEP: .()· a

aReference according to Nuclear Data Sheets; for Be and C data are fromNuclear Physics A. bData has been included in the Evaluated Nuclear
Structure Data File (ENSDF) []. cThe Mn half-life stated in reference [] contains a misprint (.() instead of .()· a according to
Ref. []). dData has been included in evaluation by DDEP [].
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The adopted value of the 91Nb half-life of 680(130) a
[28] originates from only one measurement [89]. The sam-
ple was prepared by the (n, p) reaction on natural molyb-
denum metal and following chemical separation of the
produced niobium from the molybdenum matrix. The ac-
tivity of 91Nb was determined by X-ray measurements on a
low-energy HPGe detector. The number of atoms of the
produced niobium isotopes was measured by surface
ionization mass spectrometry as ratios between 91Nb/92Nb
and 91Nb/94Nb, thus the result is partially dependent on the
half-lives of 92/94Nb.

92Nb is a p-process isotope decaying into 92Zr. Estab-
lishing a 92Nb–92Zr chronometer would give the possibility
to provide information on early Solar System evolution and
insights into the p-process nucleosynthesis. The adopted
value for its half-life, 3.47(24)·107 a [29] is a weighted
average of the two so far existing measurements. In 1977,
authors in Ref. [90] performed a measurement as a com-
bination of surface ionization mass and γ-ray spectrometry
with a 92Nb sample obtained from fast neutron reactions on
natural molybdenum metal. Two half-life values were ob-
tained from this experiment. The first one, 3.3(5)·107 a,
originates from mass spectrometric data dependent on the
half-life of 94Nb. The second one, 3.2(6)·107 a, was obtained
from the number of atoms determination by dilution
analysis. In the work of Ref. [91], the 93Nb(n, 2n)92Nb re-
action on niobium foils was utilized. The amount of 92Nb in
the sample was calculated based on neutron flux mea-
surements and cross sections for the nuclear reaction,
whereas the activitywas determined by γ-ray spectrometric
measurements, leading to a half-life value of 3.6(3)·107 a.

The half-life of 94Nb has been determined with an
uncertainty lower than 2% by Ref. [92] using a neutron-
activated Nb sample and a combination of γ-ray spec-
trometry for the determination of 94Nb activity and multi
collector inductively coupled plasma mass spectrometry
(MC-ICP-MS) for the number of 94Nb atoms. The obtained
value, 2.04(4)·104 y is in agreementwith the latest literature
value from 1959 of 2.03(16)·104 a [93] and is compatiblewith
the two earlier obtained values: 1.8(4)·104 a [94], 2.2(5)·104

a [95] within their given uncertainties. With the recent
measurement by authors of Ref. [92], a sufficiently
confirmed and, thus, reliable value for the half-life of 94Nb
is now available.

A new attempt to re-determine the half-life of 91Nb is
currently ongoing at PSI. At the Physikalisch Technische
Bundesanstalt (PTB) inBraunschweig, Germany, an enriched
92Mo target had been irradiated with protons in the energy
range of 12–20 MeV to obtain around 1016 atoms of 91Nb via
the reaction 92Mo(p, 2p)91Nb and 92Mo(p, pn)91Mo/91Nb [96].
The radiochemical separation of the wanted isotope from the

target material has been performed successfully [97]. After
sufficient decay of the co-produced 91mNb, part of this sample
is ready for the half-life determination.

3.1.2 Radio-Lanthanides – ubiquitous in stellar
nucleosynthesis

The region of lanthanide isotopes offers an especially fasci-
nating scientific field for nuclear astrophysics, because most
if not all of the nucleosynthesis processes of heavy elements
are represented in this region of the chart of nuclides:
s-process for nuclides such as 148Sm or 150Sm, r-process for
nuclides suchas 150Ndor 154Sm,p-process for 144Smand 146Sm,
the rest of the nuclides likely being synthesized through
more than one process. A long-term research program was
launched at PSI to produce and separate sufficient amounts
of 137La, 157/158Tb, 148/152Gd, 154Dy and 146Sm from irradiated Ta
samples [98]. The corresponding half-live measurements are
currently ongoing.

137La   6 2) · 104   a( )(

The odd-odd neutron-deficient heavy nuclide 138La is
one of the rarest Solar System species. In spite of its very
small abundance (138La/139La ≈ 10−3), 138La is under-
estimated in all the p-process nucleosynthesis calcula-
tions performed so far. This results from an unfavourable
balance between its main production by 139La(γ, n)138La
and its main destruction by 138La(γ, n)137La [99]. For the
evaluation of the relevant nuclear reactions, determining
the mass ratios in this region, the destruction of 137La by
neutron capture and/or decay is therefore of paramount
importance.

The only half-life determination for this radionuclide
performed so far is more than 60 years old. Authors in
Ref. [100] irradiated 0.88 g of natural CeO2 in the ORNL
graphite reactor for an extended period to yield 5.4·1015

atoms of 137La. After chemical purification, the La activity
was determined using a Xe-filled proportional counter
measuring the K-shell X-ray activity. A half-life value of
6(2)·104 a was obtained considering the thermal neutron
capture cross section of 136Ce, the neutron flux and chem-
ical yield of the separation.

While the authors in Ref. [100] state, that the major
source of uncertainty is the neutron capture cross section of
136Ce, there appears to be a major disagreement still
nowadays on the exact value of this quantity. While the
Atlas of Neutron Resonances [101] recommends a value of
σ(136Ce(n, g)137g + mCe) = 4.25(18) b according to the mea-
surement of Ref. [102], a more recent determination [103]
found a value of 7.64(63) b, in agreement to the value used

594 S. Heinitz et al.: How accurate are half-life data of long-lived radionuclides?



by Ref. [100]. Beyond that, the burn-up of 137La during
irradiation was not considered in Ref. [100] and the exact
half-life and neutron capture cross section of this isotope
remain unknown.

146Sm   6.8 7) · 107   a( )(

Among the p-process nuclides, 146Sm is especially
interesting in view of evidence for live 146Sm in the Early-
Solar System, established by isotopic anomalies of Nd
in meteoritic material [104–106]. Earth crust samples
themselves display an interesting anomaly in their 142Nd
isotopic abundance compared to bulk meteoritic material
(chondrites) with a systematic difference [107, 108]. The
α-decay of 146Sm to 142Nd constitutes in this case a suitable
Solar-System clock, assuming that the half-life is known
with sufficiently high precision. A summary of the half-life
measurements available in literature can be found in
Table 2.

Two values were reported in early 1950 and 1960s, with
5·107 a [109] and 7.5(15)·107 a [110], respectively. Ref. [111]
performed a new measurement in 1966 using isotope dilu-
tion mass spectrometry, yielding in a considerably longer
half-life of 1.026(48)·108 a,whichwas confirmed by Ref. [112]
with excellent agreement. These authors used bombard-
ment of 147Sm with deuterons for sample production and
determined the number of 146Sm atoms via decay of 146Eu.
The most recent and simultaneously recommended half-life
value, 6.8(7)·107 a, based on direct measurement of the
146Sm/147Sm α-activity and atomic ratios [81], is shorter than
the former ones and, interestingly, confirms the earlier value
reported by Ref. [110]. This half-life value implies higher
initial 146Sm abundance in the early solar system than pre-
viously estimated. Terrestrial, Lunar, andMartian planetary
silicate mantle differentiation events dated with 146Sm-142Nd

converge to a shorter time span and in general to earlier
times, due to the combined effect of the new 146Sm half-life
for such planetary processes, enhancing the importance of
an accurate knowledge of the 146Sm half-life value, see also
Ref. [51]. The situation urgently calls for further measure-
ments of the 146Sm half-life.

154Dy   3.0 15) · 106   a( )(

154Dy is a pure α-emitter with a half-life of approx. 3
million years. It decays via a decay chain (150Gd, 146Sm) to
stable 142Nd, which directly influences the abundance of
the natural isotopic composition of stable Nd and thus
also the 146Sm/142Nd chronometer. Furthermore, 154Dy is
important in the synthesis of 142Nd, 146Sm, 152Gd, and 158Dy
due to the nuclear reactions 154Dy(α, γ)158Er, 154Dy(γ, α)150Gd
and 154Dy(γ, 2n)152Dy [88]. The half-life of 154Dy remains
associated with the largest relative uncertainty throughout
the chart of nuclides despite the fact that similar isotopes
like 150Gd, which half-life is known with much lower un-
certainty, are similarly difficult to obtain in sufficient
quantity and radio-isotopic purity.

An overview of existing half-life determinations on
154Dy is given in Table 3. The recommended value in NDS is
based on the evaluation performed by Ref. [113] that took
into accountmeasurements performed by Ref. [114] and the
revised values reported by Refs. [115, 116]. Based on the
existing dataset, the knowledge about the 154Dy half-life
can be regarded as being rather vague. A re-determination
of the 154Dy half-life has been recently performed at PSI and
will be published soon [117].

3.1.3 s-process: examples

60Fe   2.62 4) · 106   a( )(

The s-process nuclide 60Fe can – due to the high-
energetic γ-rays of its daughter nuclide 60Co – be detected

Table : Reported measurements of the Sm half-life.

Year of
measurement

Value Reference Comment

 · a [] Yield estimations rela-
tive to Sm,α counting
with emulsion films

 .()· a []
 .()· a [] Isotope dilution MS, α

counting with ioniza-
tion chamber

 .()· a [] Number of atoms via
decay of Eu, α
spectrometry

 .()· a [] AMS/α spectrometry
relative to Sm

.()· a [] Recommended value
according to NDS

Table : Half-life measurements of Dy.

Year of
measurement

Value Reference Comment

 
 a [] Theoretical yield estima-

tions, α-counting with
ionization chamber

 .()· a [] Yield estimation relative
to Dy/α spectrometry

 ()· a []
 

 a [] Yield estimation relative
to Dy/α spectrometry

.()· a [, ] Recommended value ac-
cording to NDS
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directly in space and is, therefore, an indicator for super-
novae explosions. The evaluation of stellar processes re-
quires the knowledge of all production and destruction
paths, and one of these is the radioactive decay.

Until 2009, only one reliable half-life measurement
had been performed by Ref. [119], resulting in a value of
1.49(27)·106 a, being considerably larger than the previous
rough estimate of 5·105 a by Ref. [120]. The authors pro-
duced the sample by irradiating Cuwith 191MeV protons at
the Brookhaven Linac Isotope Producer (BLIP) followed
by a radiochemical separation of Fe from the irradiated
matrix material. The final sample contained some 1014

atoms of 60Fe. The activity was determined by following the
ingrowth of the decay product 60Co after a very careful
separation of the initially produced 60Co. The number of
atoms was determined using AMS. The experimenters had
to fight with problems of 60Ni contamination in the AMS
system stemming from Ni-containing components and
additionally report possible losses of 60Fe atoms due to
unknown reasons. Attempts to determine the transmission
by use of a 60Co beam failed, so that the authors admit that
their value could be too low. This thesis proved to be true
when authors in Ref. [78] repeated the measurement with a
factor 10 more material, extracted from an irradiated Cu
beam dump of the high-power 590 MeV proton accelerator
at PSI. Similar to the approach by Ref. [119], the activitywas
determined by the ingrowth of 60Co, but the number of
atoms was determined by Multi-Collector Inductively-
Coupled-Plasma Mass Spectrometry (MC-ICP-MS). In con-
trary to AMS, this method allows determining absolute
values for the content of isotopes in a sample. The obtained
value of 2.62(4)·106 a differed with respect to the one re-
ported before nearly by a factor of two. Two further mea-
surements, also performed with material from PSI, yielded
2.50(12)·106 a [20] and 2.69(28)·106 a [21], respectively. Au-
thors in Ref. [20] also used the ingrowth of 60Co for the
activitymeasurement, but AMS for the number of atoms, in
which they measured the 60Fe relative to 55Fe, thus cir-
cumventing the difficulties with the absolute transmission.
Authors in Ref. [21] measured the activity using the γ-ray of
60mCo, which is in secular equilibrium already after a
couple of hours after separation. This is possible only with
very old samples, because the simultaneous production of
55Fe during irradiation of the copper, resulting in a huge
background caused by Bremsstrahlung at lower energies.
The number of atoms in this work was determined by AMS
relative to the values obtained in Ref. [20]. The present
weighted mean half-life value substantially improves the
reliability of 60Fe as an important chronometer for astro-
physical applications. A summary of the performed mea-
surements is given in Table 4.

The impact of this corrected 60Fe half-life is manifold.
Themeasurement of the neutron capture cross section [121]
at stellar energies performed in 2009 had to be corrected
according to the new half-life because the number of atoms
in the sample was determined by activity measurements. A
very high impact has to be expected for all results obtained
so far by AMS. Since a certified 60Fe standard material was
missing for a long time, all relative measurements used
surrogates produced in nuclear reactions with heavy ions
[122], at ISOLDE [123] or the sample material from the half-
life measurement of Ref. [119]. New standard material,
characterized by MC-ICP-MS has been produced from the
PSI copper beam dump and was already used for studies
demonstrating the occurrence of a super nova explosion
2.6 million years ago [124–126]. For further progress in this
field, the correct value of the 60Fe half-life is definitely a key
parameter.

186mRe   2 · 105   a( )

The isotope 186mRe is of particular interest from the
astrophysical point of view, since a new s-process path of
185Re(n, γ)186mRe(n, γ)187Re could change the accuracy of a
187Re-187Os cosmo-chronometer [127]. The 149 keV level
excited state of 186Re decays by internal transition to the
ground state with an accepted half-life of 2·105 a origi-
nating fromonemeasurementwithout given uncertainty of
the value [128]. The measurements were performed on
neutron irradiated rhenium metal. Specific activity of
186mRe in the sample was determined by combination of
mass spectrometry and γ-ray spectrometry on Ge(Li) de-
tector yielding a value of 2·105 a. An additional measure-
ment with beta counting of the equilibrated ground state
of 186Re with a proportional counter yielded a half-life of
1.7·105 a as presented by authors in Ref. [128].

Table : Reported measurements of the Fe half-life.

Year of
measurement

Value Reference Comment

 · a []
 .()· a [] AMS/γ-spectrometry of

Co ingrowth
 .()· a [] ICP-MS/γ-ray

spectrometry of Co
ingrowth

 .()· a [] AMS (Fe/Fe ratio)/γ-
ray spectrometry of Co
ingrowth

 .()· a [] AMS from Ref. []/γ-ray
spectrometry of Co from
mCo decay

.()· a [] Recommended value ac-
cording to NDS
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3.2 Cosmogenic radionuclides

3.2.1 Closing the nuclear dating gap – 32Si (153(19) a)
and 39Ar (268(8) a)

The radioactive isotopes 32Si with a half-life of 153(19) a [10]
and 39Ar with 268(8) a [13] are cosmogenic nuclides that are
produced in the upper atmosphere by bombardment of
cosmic rays on argon. They are the only two available
radionuclides with the potential to fill the dating gap be-
tween the relatively short-lived 210Pb (T1/2 = 22.20(22) a) on
the one side and the longer-lived 14C (T1/2 = 5730(40) a) on
the other side, thus allowing to understand environmental
processes such as glacier dynamics, ocean and atmo-
spheric circulation, sedimentation in lakes and oceans or
groundwater flow in the recent past (100–1000 years), see
Figure 2. The main drawback of both, 32Si and 39Ar, is the

lack of accurate knowledge on their half-lives and their
extreme low abundance in environmental samples.

Authors in Ref. [129] performed a critical evaluation of
the data pool for 32Si given in Figure 3. They calculated an
average value of 144 years with >10% uncertainty by
applying several mathematical treatments (for details see
the descriptions and references in Ref. [129]). Nevertheless,
only three of the data points actually meet the estimated
uncertainty band. Moreover, the weighted average value
does not necessarily represent the best estimator in this
case, and the associated uncertainty is questionable. The
ENSDF database recommends a 32Si half-life of 157(7) a,
which is mainly impacted by the most recent measurement
performed in the frame of a PhD thesis in 2015 [11]. It is of
high importance to perform additional careful measure-
ments in order to increase certainty about the true 32Si half-
life.

Figure 3: Compilation of 32Si half-life de-
terminations. The solid line represents the
mean value of 144 years of all the de-
terminations with exception of the two
early stratigraphic measurements made on
ice and sediment. The broken lines repre-
sent the uncertainty of ±11 years of the
mean value. Figure and caption taken from
Ref. [129], reproducedwith kind permission
of Elsevier.

Figure 2: Radionuclides for nuclear dating
up to 106 years.
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The situation is slightly different for 39Ar. The currently
applied value for its half-life is based on two measure-
ments, both performed more than 50 years ago, yielding
265(30) a [130] and 269(3) a [131], respectively. Nuclear Data
Sheets recommends the adopted latter value with an
enlarged uncertainty [13]. A third publication, claiming
276(3) a [14] has not been included in the evaluation,
maybe due to the fact that the authors announced further
improvement of the measurement, but they never pub-
lished it. The nearly perfect agreement of the two mea-
surements pretends a high degree of reliance, and the
value is therefore willingly accepted in the community.
However, in the performed work, mixtures of 37Ar, 39Ar and
42Ar isotopes were used, produced by both spallation and
neutron activation. While the mass spectrometry used to
determine the number of atoms seems to be feasible, the
activity determination suffers from the difficulty to distin-
guish between the two long-lived pure β-emitters 39Ar and
42Ar with nearly the same β-energy. Moreover, contami-
nation of the samples with natural Ar can hardly be
quantified. Therefore, a re-measurement of the 39Ar half-
life is a precondition before this isotope can seriously
be considered as a dating tool. For the shorter-lived
42Ar isotope, the accepted half-life value of 32.9(11) a
nowadays still relies on one single measurement reported
in literature [131].

A joint project involving several Swiss institutes (PSI,
CHUV-IRA, ETHZ, Laboratory Spiez) as well as the PTB in
Germany is currently underway to re-determine the 32Si half-
life by utilizing several independent methods for measuring
both the activity and the number of atoms. High quality
samples with activities up to 20 MBq were obtained by
irradiation of Vanadium metal for two years in the target of
the PSI neutron facility SINQ and subsequent radiochemical
separation and purification [132]. By means of this, we hope
to overcome the obstacle of the inconsistent database and,
thus, pave the way towards the implementation of 32Si as a
nuclear dating tool in environmental research.

3.2.2 Longer-lived dating radionuclides

81Kr   2.29 11) · 105   a( )(

The nuclide 81Kr is produced by cosmogenic induced
proton and neutron spallation reactions in the atmosphere
on stable Kr isotopes [133]. Due to its stable concentration
in the atmosphere it is a desirable dating nuclide for the
time range between 5·104 a and 2·106 a.

Two half-life determinations exist up to date. In an
early investigation by authors in Ref. [134], neutron

irradiated NaBr was used as source for 81Kr, where its ac-

tivity was determined using a proportional counter and

isotopic composition by mass spectrometry. While a very

limited amount of experimental data was made public, a

half-life of 2.1(5)·105 a has been deduced. In the work of

Ref. [135], the 81Kr sample was prepared by neutron irra-

diation of natural krypton gas. The number of 81Kr atoms

was determined by combination of integrated current

measurements during 82Kr mass separation and subse-

quent mass spectrometric measurements of the 82/81Kr

atomicmass ratio. The activity of the samplewasmeasured

using a NaI detector equipped with a berylliumwindow for

detection of the 12 keV bromine K-shell X-rays. The

deduced half-life of 2.13(+16–26)·105 a was calculated as an

average of six different measurements taking into account

the uncertainty of the K-shell electron capture branching

ratio for 81Kr. The random and systematic uncertainty were

reported to be around 2% and 3%, respectively. The

currently accepted value of 2.29(11)·105 a was adjusted by

the evaluator taking into account an updated K-shell

fluorescence yield and electron capture ratio [26].

107Pd   6.5 3) · 106   a( )(

The isotope 107Pd is used as a chronometer in the
107Pd/107Ag system for the dating of iron meteorites [136].
The 107Pd is produced in nuclear reactors being a long-lived
fission product decaying by emission of β-particle. Two
measurements of its half-life have been performed so far. In
themost recentwork performedbyRef. [137], the half-life of
107Pd was obtained from specific activity measurements of
a 107Pd sample combined with the determination of its
isotopic composition. About 160 μg of palladium were
chemically separated from uranium fission products and
then cooled down for 14 years before themeasurement. The
relative abundance of 107Pd was determined by mass
spectrometry. Activity measurements were performed on
three aliquot samples counted by an internal proportional
counter. The derived half-life value 6.5(3)·106 a is an
averaged value from activity measurement of the three
aliquots. In an earlier measurement of Ref. [138], 107Pd was
separated from uranium fission products and its specific
activity was measured on a proportional counter. The to-
tal 107Pd isotopic ratio was assumed to be 20% of total
determined of Pd amount. Three half-life values were
estimated from three different samples yielding 6.6, 7.3 and
8.5·106 a. An additional independent measurement of the
107Pd half-life with lower uncertainty would improve the
accuracy of the 107Pd/107Ag chronometer and other dating
techniques using this isotope.
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202Pb  5.25 28) · 104   a( ) and 205Pb 1.70 9) · 107   a( )((

Long-lived isotopes of Pb have been occasionally used
for dating ofmeteorites and other chronology applications.
The 202/205Pb pair has been employed in precision mass
spectrometry to correct for instrumentalmass fractionation
[139]. The isotope 205Pb is also interesting for astrophysical
research since it is produced only via s-process nucleo-
synthesis [140]. Moreover, the inverse β-decay of 205Tl to
205Pb could serve as probe for the solar neutrino flux [141].

Two publications have been reported on the determi-
nation of the 202Pb half-life. Authors in Ref. [142] produced
202Pb by deuteron bombardment of natural Tl with subse-
quent chemical separation and estimated a half-life of 3·105

a based on several assumptions regarding the cross section
of the 203Tl(d,3n)202Pb reaction and X-ray emission yields.
In a more detailed investigation by Ref. [143], a stacked
target consisting of Tl2O3 and Al monitor foils was irradi-
ated with 52 MeV protons and 202Pb subsequently extracted
by liquid-liquid extraction and anion exchange. The
ingrowth of the 202Tl activity was then followed for 150 d to
estimate the total activity concentration of the obtained
202Pb solution. With the addition of mass spectrometry, a
half-life of 5.25(28)·104 a was obtained, which remains the
accepted value up to date [68].

Authors involved in the first measurement of 202Pb
have later also reported on the determination of the 205Pb
half-life [144]. They performed extended neutron irradia-
tions of enriched 204Pb with subsequent chemical purifi-
cation to enable X-ray counting and mass spectrometric
analysis of the obtained samples. The reported value of the
partial L-electron capture half-life was 3.0(5)·107 a, which
was later adjusted by the evaluator taking into account an
updated L-shell fluorescence yield and the electron capture
branching ratio [69]. The currently accepted value of
1.70(9)·107 a therefore, relies on only one single experi-
mental determination performed in 1958 and is associated
with a highly questionable uncertainty budget.

3.3 Nuclear energy and safety

93Mo   4.0 8) · 103   a( )(

The isotope 93Mo is mainly produced in nuclear power
plants by activation ofmolybdenum rich steels used for the
primary cooling circuit and the reactor vessel. The 93Mo is
one of the long-lived radioisotopes in the low and medium
level radioactive waste being the predominant radioactive
dose contributor after the shorter-lived isotopes have
decayed. Its currently accepted half-life of 4.0(8)·103 a

originates from one single indirect determination. In the
work of Ref. [145], 93Mo was produced by 21 MeV deuteron
bombardment of niobiummetal. With the assumption that
the cross section for (d, 2n) reactions for odd-even nuclei
is constant in the mass range A = 85–109, the number of
produced 93Mo atoms was estimated from the integral
current of irradiation. After chemical separation, the ac-
tivity of 93Mo was measured by means of X-ray spectrom-
eter using the K-shell emission lines of Nb. The deduced
half-life of 3.0(5)·103 a was later adjusted by the evaluator
to the currently accepted value of 4.0(8)·103 a taking into
account updated K-shell X-ray emission probability for the
EC decay of 93Mo [27].

In a very recent re-determination performed at PSI,
93Mo was extracted and thoroughly purified from proton
irradiated Nb. Liquid scintillation counting of the 93Mo
activity concentration coupled with mass spectrometry of
the obtained sample yielded a new half-life value of
4839(63) a [32].

79Se   3.27 28) · 105   a( )(

The fission product 79Se is a pure low-energetic β-emitter
produced in nuclear fission with a rather low cumulative
fission yield of 0.048%.However, due to its comparable long
half-live of more than 105 years it is one of the few radio-
nuclides remaining for evaluation of the long-term radio-
logical impact in final repositories. Moreover, 79Se is –
similar to 60Fe – one of the branching points in the slow
stellar element synthesis processes. For both application
fields, the exact knowledge of the half-life is crucial.

The half-life measurements of 79Se are a very good
example for the dilemma, which can arise by performing
new measurements. Up to the early 1990s only two rough
estimations existed, which were extremely contra-
dicting: ≥7.0·106 a [146] and ≤6.5·104 a [138], respectively.
The latter value was later corrected to ≤6.5·105 a by the NDS
evaluator [147] after detecting a calculation error in the
work of Ref. [138], but this did not really solve the problem.
Several measurements were then performed from 1995
on, resulting in an very inconsistent dataset. The work by
Ref. [80] gives a very good overview on the difficult situa-
tion and ends with the remarkable sentence: “Responsible
authorities in charge of compendia should carefully review
and evaluate especially the more up-to-date literature on
the 79Se half-life in order to come to an agreement as to
which value internationally should be officially accepted
and presented in tables.”

In Figure 4, we summarize the existing data about
the 79Se half-life. The values of around 1·106 a 1.1(2)·106 a
[148] and 1.12(17)·106 a [149] were both determined using
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AMS and liquid scintillation counting (LSC). Authors in
Ref. [150] obtained 1.24(19)·105 a using projectile X-ray (PX)-
AMS, a value which is a factor 10 lower than reported by
Ref. [148]. This group repeated their measurement in 2001
and 2002, obtaining now two identical – however a factor 3
lower– valuesof 2.95(38)·105 a, usingbothAMSandPX-AMS
[151, 152]. Interestingly, authors in Ref. [153] came up with a
second value in the same year, now a factor 3 higher and
confirming the value reported by Refs. [151, 152] (2.80(36)·105

a). From these findings, it seems to be clear that both the 1·
106 a and the 1.24(19)·105 a values can be ruled out. Another
value of 4.8(4)·105 a, reported by Ref. [154], used LSC and
fission yield estimates relative to 137Cs and 90Sr to determine
the number of atoms in their sample.

The threemeasurements from 2001 to 2002would have
given a consistent picture, but in 2007 [79] published a
value of 3.77(19)·105 a, obtained using liquid scintillation
counting and ICP-MS. The next value reported in 2010 by
Ref. [80], 3.27(8)·105 a, where the number of atoms was
also determined by ICP-MS, has the lowest uncertainty. It is
in agreement with the values obtained in 2001/2002 by
Refs. [151, 152] but not with any other. Because of an
extremely careful sample treatment as well as highly pre-
cise and accurate measurements, both of the activity and
the number of atoms, the value of Ref. [80] seemed themost
reliable. However, further measurements were necessary
to confirm the value. Unfortunately, the most recent work
by Ref. [155] (2.78(18)·105 a) using AMS, confirms again the
value of Ref. [151, 152]. The authors of this work discuss a

probably wrong evaluation of the atomic abundances in
the Refs. [79, 80] determinations due to erroneous correc-
tion of the 79Br interference in the ICP-MSmeasurement. On
the other hand, AMS measurements generally suffer from
an insufficient knowledge of the total transmission. It is
conspicuous that the AMS values underestimate the num-
ber of 79Se atoms during measurement, whereas an over-
estimation using ICP-MS cannot be excluded. However, the
weightedmeanvaluegiven in theNuclearDataSheets in 2016
of 3.27(28)·105 a [25], calculated based on the measurements
of Refs. [79, 80, 155], seems to be reasonable with respect to
the shortcomings of the earlier determinations. Nonetheless,
further measurements are necessary for confirmation.

135Cs   2.3 3) · 106 a( )(

The isotope 135Cs is one of the long-lived fission
products, which might have a high impact on long-term
storage of nuclear waste. Caesium as a member of the
alkaline elements is highly soluble in water solutions,
posing a special risk of contamination of the biosphere.
Due to this outstandingwater solubility, on the other hand,
anthropogenic-produced Cs isotopes (e.g. the ratio of
135Cs/137Cs) can be used to study the time line of oceano-
graphic flow, for dating of sediments and to reconstruct the
history of nuclear contamination events. Moreover, 135Cs is,
like most of the long-lived fission products, a branching
point in the s-process. For all these applications, the exact
as possible knowledge of the half-life is a pre-condition.

Figure 4: Overview of 79Se half-life mea-
surements with the weighted mean taken
from Ref. [25] and its 1σ standard deviation.
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Very astonishingly, there are only a fewmeasurements
so far, including a recent one from 2016 by Ref. [48], which
are in obvious disagreement. Table 5 provides a summary
of the reported half-life determinations of 135Cs.

The main problem associated with half-life de-
terminations of this isotope is very probably the radio-
nuclidic purity of the sample. Caesium isotopes are formed
in nuclear reactors via the decay of the corresponding Xe
isotopes and 137Cs (T1/2 = 30.08(5) a) is one of the main dose
contributors in spent nuclear fuel. Furthermore, 135Cs is al-
ways accompanied by 134Cs (T1/2 = 2.0652(4) a). All three
isotopes are β-emitters with similar energies, making liquid
scintillation counting problematic for accurate activity de-
terminations. Authors in Ref. [48] tried to avoid contami-
nation of 135Cs by using a special technique for collecting Xe
from a nuclear reactor after several hours of decay. This
allows increasing the abundance of 135Cs by orders of
magnitude. Selective Cs adsorption was used to guarantee
a high purification factor from other disturbing β-emitters
like 90Sr and 90Y. Moreover, the authors used two indepen-
dentmethods for the determination of the number of atoms.
Both determinations yielded half-life values significantly
lower than previously reported in literature. Considering
the manifold impact areas of the 135Cs half-life, the situation
urgently calls for further independent measurements.

126Sn   2.30 14) ⋅ 105   a( )(

The tin isotope 126Sn ismostly produced during nuclear
fission in nuclear power plants. Due to its considerably
long half-life, it is an important nuclide with respect to
processing and waste management of irradiated fuel. Six
half-life measurements have been performed so far, all
these works used samples extracted from fission products
of 235U as a starting material. The currently accepted value
of 2.30(14)·105 a in Ref. [41] originates from the weighted
average of two measurements 2.07(21)·105 and 2.5(2)·105 a,
both performed in 1996. In the work of Ref. [159], 126Sn was
produced by neutron irradiation of 235U target in the nuclear
reactor and the Sn fraction was chemically separated. The

number of 126Sn atoms in the sample was calculated based
on the fission yield for 126Sn, and the number of fissions was
monitored through 90Sr and 137Cs produced in the uranium
target. Finally, the activity of separated 126Sn was measured
by γ-ray spectrometry using a HPGe detector. A similar
approach was chosen by authors in Ref. [160], but acceler-
atormass spectrometrywas applied for the determination of
the number of 126Sn atoms, yielding 2.07(21)·105 a. A thermal
ionization mass spectrometry (TIMS) measurement by au-
thors of Ref. [42] on the same sample, however, yielded a
revised half-life of 2.345(71)·105 a.

Further independent measurements undertaken by
authors in Refs. [43, 44] obtained contradicting results
that are either confirming or disproving the currently rec-
ommended value, see Table 6. This situation significantly
complicates the judgement about the 126Sn half-life cer-
tainty. Additional careful determinations using alternative
activity measurements in combination with multiple mass
spectrometric techniques are highly recommended.

194Hg   447 52)   a( )(
The long-lived isotope 194Hg, decaying by EC to the

γ-ray emitter 194Au, is considered to be one of the major
dose contributors in spallation neutron sources operating
with mercury such as the Spallation Neutron Source
(SNS) in Oakridge (USA) or the Japan Proton Accelerator
Research Complex (J-PARC) in Riken (Japan). Accelerator
waste from these facilities containing mercury will be of
major concern during decommissioning and final storage.
Additionally, the formation of volatile mercury isotopes is
a considerable point of attention in accelerator driven
subcritical reactors, in which 194Hg is formed by charged
particle induced spallation of Pb and/or Bi.

The very recently revised half-life value of 447(52) a
substantially changed over the past 60 years and still
nowadays remains subjected to considerable uncertainty.
While early investigations indicated a half-life of around
130 d [162], which was confirmed by authors in Ref. [163],
the former research group reported a revised value of 600 d

Table : Half-life measurements of Cs.

Year of measurement Value Reference Comment

 .()· a [] Proportional counter/fission yield calculated from Xe
 .()· a [] Proportional counter/fission yield calculated from Xe
 .()· a [] Proportional counter/fission yield calculated from Xe; γ-ray spectrometry of Cs
 .()· a

.()· a
[] LSC/AMS

LSC/ICP-MS
.()· a [] Recommended value according to NDS
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[164]. Subsequent publications on this subject gave 146(6)
d [165], 700(100) d [166] and 426(50) d [167] (Figure 5).

Later experiments showed evidence that the half-life
of 194Hg is considerably longer. Measurements done by
Ref. [168] with efforts to minimize possible evaporation
losses of mercury yielded a half-life in the range between
90 and 540 a. It was not until around 1980 before in-
vestigations with improved techniques were undertaken.
Analysing production yields of Hg isotopes produced via
197Au(p, xn)195−xHg reactions, authors in Ref. [169] deduced
a half-life of 367(55) a, which supersedes the value of
260(40) a reported earlier by the same group. Finally, re-
searchers in Ref. [170] mass separated 194Hg produced by
spallation of 600 MeV protons on liquid lead at CERN
ISOLDE. The activity of three collected samples was
measured using a Ge(Li) detector, the total number of
atoms was deduced from current measurements using
Faraday cups during implantation. They deduced a half-

life of 520 a, with a random and systematic uncertainty of
20 and 25 a, respectively.

The recommended half-life of 194Hg given by Nuclear
Data Sheets is a weighted average of measurements of
Refs. [169, 170], whereas both reported values were
adjusted taking into account adopted emission probabili-
ties of the 328.5 keV line in 194Au decay [67]. New inde-
pendent measurements of the 194Hg half-life are urgently
required in order to increase the confidence in the stated
value and its uncertainty.

209Po   125.2 33)   a( )(
Until 2005 the only known half-life value for 209Po of

102(5) a was measured by Ref. [171] relative to the well-
known 208Po half-life using a source produced by proton
irradiation of Bi. The measurement was based both on the
activity and mass ratios determination of the two isotopes.
In 2007, colleagues from NIST reported for the first time on

Figure 5: Overview of 194Hf half-life mea-
surementswith theweighedmean as given
by Nuclear Data Sheets [67].

Table : Half-life measurements of Sn.

Year of measurement Value Reference Comment

 
 a [] Estimated from U fission yields

 .()∙ a [] γ-ray spectrometry/U fission yield estimation
 .()∙ a [] γ-ray spectrometry/AMS
 .()∙ a [] TIMS on sample of Ref. []
 .()∙ a [] γ-ray spectrometry/ICP-MS
 .()∙ [] γ-ray spectrometry/ICP-MS

.()· a [] Recommended value according to NDS
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a possible deviation of up to 25% from this adopted value
due to observed inconsistencies in the regular examination
of their standard materials over a wide time span [172]. In
the following years, extended studies with large sets of
samples were performed using liquid scintillation count-
ing. The authors derived an improved value of 125.2(3.3) a
[173], based onmeasurements dating back to 1993. Authors
in Ref. [174] performed a complementary decay measure-
ment using α-spectrometry with PIPS detectors over a time
span of 400 days, yielding 120(6) a. This measurement was
primarily aimed to solve the problem with the two contra-
dicting former values. The authors announced to continue
the experiment in order to get results that are more precise.
The currently accepted value of 125.2(33) a is a weighted
average of both most recent determinations [75].

209Po is mainly used as calibration standard for alpha
particle energy and alpha-emission rate measurements,
and as low-level tracer and separation yield monitor in
radiochemical procedures for environmental measure-
ments and geophysical studies. Many environmental data
on 210Po rely on the determination relative to 209Po. The fact
that the former 209Po half-life value of 102(5) a has to be
considered as erroneous has an immense impact on a
huge number of data generated over more than 50 years.
Another independent measurement, maybe using the
approach based on Eq. (1), would be of substantial benefit
for the nuclear science community and beyond.

4 Conclusions

This reviewarticlemakes no claim to completeness. In view
of the large number of nuclides and the correspondingly
necessary measurements, this is not even approximately
possible. Instead, we wanted to point on the problems and
the resulting consequences by means of some examples.
For selected radionuclides, we discussed recent measure-
ments and their impact in more detail. Our general inten-
tion is to sensitize the nuclear data community for the
urgent need of reliable decay data and the difficulties
associated with the performance of new measurements.
Especially in cases where several conflicting measure-
ments exist, assessing the situation is sometimes difficult
and deriving a reliable value is practically impossible.
Examples for this are 32Si or 79Se. On the other hand, we
highlight examples, where remarkable progress could be
achieved recently, e.g. 60Fe and 93Mo. It becomes clear, that
the importance of the quality of the available sample
cannot be emphasized enough. In particular, EC nuclides
with no accompanying α, β or γ-ray emission (93Mo, 157Tb)

are particularly challenging for the activity determination,
i.e. they must be present in radio-chemically and isotopi-
cally ultra-pure form. This can be achieved either by
dedicated production routes (e.g. 93Mo, 137La) or by a
follow-up mass separation, as has been performed for the
recent measurement of the 53Mn half-life at PSI [to be
published]. As an outcome of this review, we present here
the inventory of radioisotopes shortlisted from Table 1,
which half-life values urgently call for re-measurement.
The selection of the shortlisted radionuclides is given in
Table 7 and was based on the following criteria:
– The recommended value is based on onemeasurement

only and is not confirmed by a new measurement
performed after the last issue of NDS.

– The uncertainty of the recommended half-life value is
higher than 5% unless a new confirming value with a
lower uncertainty was reported.

– The twomost recent independent determinations are not
compatible within the stated uncertainty boundaries.

Another problem, not directly addressed in this paper, is
the reliability of the presented uncertainties attributed to
the half-life measurements. Many of the half-life mea-
surements from the 50 and 60s have poorly documented
or incomplete uncertainty budgets thus calling for the re-
measurement. Therefore, the 5% threshold value arbi-
trarily used in this paper might not be an appropriately
suited criterion.

Similar considerations as for the half-lives have also
to be undertaken for branching ratios and emission
probabilities, which are mandatory for using radiation
measurement techniques for basic nuclear research, i.e.
for cross section and half-life measurements in general,
but also for the quantitative determination of the radio-
nuclide content in technical, artificial and environmental
samples. Considerable effort has still to be put in force in
order to improve knowledge of nuclear data for long-lived
radionuclides.

Table : Radionuclides recommended by the authors for a half-life
re-determination based on different criteria. Several criteria might
apply for the same nuclide.

Nuclide Reason for re-measurement

Ar, Nb, La, mHf, mRe,
mIr, Pb

Only one measurement

Si, Mn, Ni, Se, Nb, Tc,
Cs, Sm, Tb, Tb, Dy,
Pt, Hg, Pb

Uncertainty >%

Tc, Pd, mSn, Sn, Bi,
Bi, mBi

Values not within stated
uncertainty boundaries

S. Heinitz et al.: How accurate are half-life data of long-lived radionuclides? 603



Author contributions: All the authors have accepted
responsibility for the entire content of this submitted
manuscript and approved submission.
Research funding: None declared.
Conflict of interest statement: The authors declare no
conflicts of interest regarding this article.

References

1. KuzmenkoN. K. Current status of the recommendedhalf-lives for
the radionuclides used as the standards of photon emitters.
Appl. Radiat. Isot. 2022, 180, 110039.

2. Kellett M. A., Be M. M., Chechev V., Huang X. L., Kondev F. G.,
Luca A., Mukherjee C., Nichols A. L., Pearce A. New IAEA actinide
decay data library. J. Kor. Phys. Soc. 2011, 59, 1455.

3. National Nuclear Data Center - Evaluated Nuclear Structure File,
Brookhaven National Laboratory. Available from: https://www.
nndc.bnl.gov/ensdf.

4. Laboratoire National Henri Becquerel - Decay Data Evaluation
Project. Available from: http://www.nucleide.org/DDEP.htm.

5. Tilley D. R., Kelley J. H., Godwin J. L., Millener D. J., Purcell J. E.,
Sheu C. G., Weller H. R. Energy levels of light nuclei A = 8, 9, 10.
Nucl. Phys. A 2004, 745, 155.

6. Chmeleff J., von Blanckenburg F., Kossert K., Jakob D.
Determination of the Be-10 half-life bymulticollector ICP-MSand
liquid scintillation counting. Nucl. Instrum. Methods Phys. Res.
Sect. B Beam Interact. Mater. Atoms 2010, 268, 192.

7. Korschinek G., Bergmaier A., Faestermann T., Gerstmann U. C.,
Knie K., Rugel G., Wallner A., Dillmann I., Dollinger G.,
von Gostomski C. L., Kossert K., Maiti M., Poutivtsev M.,
Remmert A. A new value for the half-life of Be-10 by heavy-ion
elastic recoil detection and liquid scintillation counting. Nucl.
Instrum.Methods Phys. Res. Sect. B Beam Interact.Mater. Atoms
2010, 268, 187.

8. Ajzenberg-Selove F. Energy-levels of light-nuclei A = 13–15.Nucl.
Phys. A 1991, 523, 1.

9. Basunia M. S., Hurst A. M. Nuclear data sheets for A = 26. Nucl.
Data Sheets 2016, 134, 1.

10. Ouellet C., Singh B. Nuclear data sheets for A = 32. Nucl. Data
Sheets 2011, 112, 2199.

11. Heim J. The Determination of the Half-Life of Si-32 and Time
Varying Nuclear Decay. Ph.D. Thesis, Perdue University, West
Lafayette, 2015.

12. Nica N., Cameron J., Singh B. Nuclear data sheets for A = 36.
Nucl. Data Sheets 2012, 113, 1.

13. Chen J. Nuclear data sheets for A = 39. Nucl. Data Sheets 2018,
149, 1.

14. Baksi A. K., Archibald D. A., Farrar E. Use of a double-spike to
determine the half-life of Ar-39 and the operating characteristics
of a mass spectrometer used in geochronological studies. Can.
J. Phys. 1996, 74, 263.

15. Chen J., Singh B. Nuclear data sheets for A = 42. Nucl. Data
Sheets 2016, 135, 1.

16. Nesaraja C. D., McCutchan E. A. Nuclear data sheets for A = 41.
Nucl. Data Sheets 2016, 133, 1.

17. Chen J., Singh B., Cameron J. A. Nuclear data sheets for A = 44.
Nucl. Data Sheets 2011, 112, 2357.

18. Junde H. Nuclear data sheets for A = 53. Nucl. Data Sheets 2009,
110, 2689.

19. Browne E., Tuli J. K. Nuclear data sheets for A = 60. Nucl. Data
Sheets 2013, 114, 1849.

20. Wallner A., Bichler M., Buczak K., Dressler R., Fifield L. K.,
Schumann D., Sterba J. H., Tims S. G., Wallner G., Kutschera
W. Settling the half-life of Fe-60: fundamental for a versatile
astrophysical chronometer. Phys. Rev. Lett. 2015, 114,
041101.

21. Ostdiek K. M., Anderson T. S., Bauder W. K., Bowers M. R.,
ClarkA.M., CollonP., LuW., NelsonA. D., RobertsonD., SkulskiM.,
Dressler R., Schumann D., Greene J. P., Kutschera W., Paul M.
Activity measurement of Fe-60 through the decay of Co-60m and
confirmation of its half-life. Phys. Rev. C 2017, 95, 055809.

22. Basunia M. S. Nuclear data sheets for A = 59. Nucl. Data Sheets
2018, 151, 1.

23. Erjun B. A. I., Junde H. U. O. Nuclear data sheets for A = 63. Nucl.
Data Sheets 2001, 92, 147.

24. Collé R., Zimmerman B. E., Cassette P., Laureano-Perez L. 63Ni,
its half-life and standardization: revisited. Appl. Radiat. Isot.
2008, 66, 60.

25. Singh B. Nuclear data sheets for A = 79. Nucl. Data Sheets 2016,
135, 193.

26. Baglin C. M. Nuclear data sheets for A = 81. Nucl. Data Sheets
2008, 109, 2257.

27. Baglin C. M. Nuclear data sheets for A = 93. Nucl. Data Sheets
2011, 112, 1163.

28. Baglin C. M. Nuclear data sheets for A = 91. Nucl. Data Sheets
2013, 114, 1293.

29. Baglin C. M. Nuclear data sheets for A = 92. Nucl. Data Sheets
2012, 113, 2187.

30. Abriola D., Sonzogni A. A. Nuclear data sheets for A = 94. Nucl.
Data Sheets 2006, 107, 2423.

31. He G. Z., Jiang S., Zhou Z. Y., He M., Tian W. Z., Zhang J. L.,
Diao L. J., Li H. Precisehalf-lifemeasurement for the ground state
of 94Nb. Phys. Rev. C 2012, 86, 014605.

32. Kajan I., Heinitz S., Kossert K., Sprung P., Dressler R.,
Schumann D. First direct determination of the 93Mo half-life.
Sci. Rep. 2021, 11, 19788.

33. Nica N. Nuclear data sheets for A = 97. Nucl. Data Sheets 2010,
111, 525.

34. Chen J., Singh B. Nuclear data sheets for A = 98. Nucl. Data
Sheets 2020, 164, 1.

35. Browne E., Tuli J. K. Nuclear data sheets for A = 99. Nucl. Data
Sheets 2017, 145, 25.

36. Blachot J. Nuclear data sheets for A = 107. Nucl. Data Sheets
2008, 109, 1383.

37. Blachot J. Nuclear data sheets for A = 108. Nucl. Data Sheets
2000, 91, 135.

38. Shugart H. A., Browne E., Norman E. B. Half-lives of 101gRh and
108mAg. Appl. Radiat. Isot. 2018, 136, 101.

39. Schrader H. Half-life measurements with ionization chambers –
a study of systematic effects and results. Appl. Radiat. Isot.
2004, 60, 317.

40. Ohya S. Nuclear data sheets for A = 121. Nucl. Data Sheets 2010,
111, 1619.

41. Katakura J., Kitao K. Nuclear data sheets for A = 126. Nucl. Data
Sheets 2002, 97, 765.

42. Oberli F., Gartenmann P., Meier M., Kutschera W., Suter M.,
Winkler G. The half-life of Sn-126 refined by thermal ionization

604 S. Heinitz et al.: How accurate are half-life data of long-lived radionuclides?

https://www.nndc.bnl.gov/ensdf
https://www.nndc.bnl.gov/ensdf
http://www.nucleide.org/DDEP.htm


mass spectrometry measurements. Int. J. Mass Spectrom. 1999,
184, 145.

43. Catlow S. A., Troyer G. L., Hansen D. R., Jones R. A. Half-life
measurement of Sn-126 isolated from Hanford nuclear defense
waste. J. Radioanal. Nucl. Chem. 2005, 263, 599.

44. Bienvenu P., Ferreux L., Andreoletti G., Arnal N., Lepy M. C.,
Comte J., BeM.M. Determination of Sn-126 half-life from ICP-MS
and gamma spectrometry measurements. Radiochim. Acta
2009, 97, 687.

45. Timar J., Elekes Z., SinghB.Nuclear data sheets for A = 129.Nucl.
Data Sheets 2014, 121, 143.

46. Garcia-Torano E., Altzitzoglou T., Auerbach P., Be M. M.,
Bobin C., Cassette P., Chartier F., Dersch R., Fernandez M.,
Isnard H., Kossert K., Lourenco V., Nahle O., Nonell A., Peyres V.,
Pomme S., Rozkov A., Sanchez-Cabezudo A., Sochorova J. The
half-life of 129I. Appl. Radiat. Isot. 2018, 140, 157.

47. Singh B., Rodionov A. A., Khazov Y. L. Nuclear data sheets for
A = 135. Nucl. Data Sheets 2008, 109, 517.

48. MacDonald C. M., Cornett R. J., Charles C. R. J., Zhao X. L.,
KieserW. E. Measurement of the Cs-135 half-life with accelerator
mass spectrometry and inductively coupled plasma mass
spectrometry. Phys. Rev. C 2016, 93, 014310.

49. Browne E., Tuli J. K. Nuclear data sheets for A = 137. Nucl. Data
Sheets 2007, 108, 2173.

50. Khazov Y., Rodionov A., Shulyak G. Nuclear data sheets for
A = 146. Nucl. Data Sheets 2016, 136, 163.

51. Villa I. M., Holden N. E., Possolo A., Ickert R. B., Hibbert D. B.,
RenneP. R. IUPAC-IUGS recommendation on the half-lives of Sm-
147 and Sm-146. Geochem. Cosmochim. Acta 2020, 285, 70.

52. SinghB. Nuclear data sheets for A = 151.Nucl. Data Sheets 2009,
110, 1.

53. He M., Shen H. T., Shi G. Z., Yin X. Y., Tian W. Z., Jiang S. Half-life
of Sm-151 remeasured. Phys. Rev. C 2009, 80, 064305.

54. Be M. M., Isnard H., Cassette P., Mougeot X., Lourenco V.,
Altzitzoglou T., Pomme S., Rozkov A., Auerbach P., Sochorova J.,
Dziel T., Dersch R., Kossert K., Nahle O., Krivosik M., Ometakova
J., StadelmannG., Nonell A., Chartier F. Determination of the Sm-
151 half-life. Radiochim. Acta 2015, 103, 619.

55. Basu S. K., Sonzogni A. A. Nuclear data sheets for A = 150. Nucl.
Data Sheets 2013, 114, 435.

56. Nica N. Nuclear data sheets for A = 158. Nucl. Data Sheets 2017,
141, 1.

57. Nica N. Nuclear data sheets for A = 157. Nucl. Data Sheets 2016,
132, 1.

58. Reich C. W. Nuclear data sheets for A = 154. Nucl. Data Sheets
2009, 110, 2257.

59. Reich C. W., Singh B. Nuclear data sheets for A = 163. Nucl. Data
Sheets 2010, 111, 1211.

60. Baglin C. M. Nuclear data sheets for A = 166. Nucl. Data Sheets
2008, 109, 1103.

61. Nedjadi Y., Bailat C., Caffari Y., Froidevaux P., Wastiel C., Kivel
N., Guenther-Leopold I., Triscone G., Jaquenod F., Bochud F. A
newmeasurement of the half-life of Ho-166m. Appl. Radiat. Isot.
2012, 70, 1990.

62. Achterberg E., Capurro O. A., Marti G. V. Nuclear data sheets for
A = 178. Nucl. Data Sheets 2009, 110, 1473.

63. SinghB. Nuclear data sheets for A = 182.Nucl. Data Sheets 2015,
130, 21.

64. Baglin C. M. Nuclear data sheets for A = 186. Nucl. Data Sheets
2003, 99, 1.

65. Baglin C. M. Nuclear data sheets for A = 192. Nucl. Data Sheets
2012, 113, 1871.

66. Achterberg E., Capurro O. A., Marti G. V., Vanin V. R., Castro
R. M. Nuclear data sheets for A = 193. Nucl. Data Sheets 2006,
107, 1.

67. Chen J., Singh B. Nuclear data sheets for A = 194. Nucl. Data
Sheets 2021, 177, 1.

68. Zhu S., Kondev F. G. Nuclear data sheets for A = 202. Nucl. Data
Sheets 2008, 109, 699.

69. Kondev F. G. Nuclear data sheets for A = 205. Nucl. Data Sheets
2020, 166, 1.

70. Kondev F. G., Lalkovski S. Nuclear data sheets for A = 207. Nucl.
Data Sheets 2011, 112, 707.

71. Unterweger M. P., Fitzgerald R. Corrigendum to “Update of NIST
half-life results corrected for ionization chamber source-holder
instability” [Appl. Radiat. Isot. 87 (2014) 92–94]. Appl. Radiat.
Isot. 2020, 159, 108976.

72. Pibida L., King L. Evidence for revision of the evaluated half-life
of (207)Bi. Appl. Radiat. Isot. 2018, 134, 391.

73. Martin M. J. Nuclear data sheets for A = 208. Nucl. Data Sheets
2007, 108, 1583.

74. BasuniaM. S. Nuclear data sheets for A = 210.Nucl. Data Sheets
2014, 121, 561.

75. Chen J., Kondev F. G. Nuclear data sheets for A = 209. Nucl. Data
Sheets 2015, 126, 373.

76. Akovali Y. A. Nuclear data sheets for A = 226. Nucl. Data Sheets
1996, 77, 433.

77. Honda M., Imamura M. Half-life of 53Mn. Phys. Rev. C 1971, 4,
1182.

78. Rugel G., Faestermann T., Knie K., Korschinek G., Poutivtsev M.,
Schumann D., Kivel N., Gunther-Leopold I., Weinreich R.,
Wohlmuther M. New measurement of the Fe-60 half-life. Phys.
Rev. Lett. 2009, 103, 072502.

79. Bienvenu P., Cassette P., Andreoletti G., BeM.M., Comte J., Lepy
M. C. A new determination of Se-79 half-life. Appl. Radiat. Isot.
2007, 65, 355.

80. Jorg G., Buhnemann R., Hollas S., Kivel N., Kossert K.,
Van Winckel S., Gostomski C. L. V. Preparation of
radiochemically pure Se-79 and highly precise determination of
its half-life. Appl. Radiat. Isot. 2010, 68, 2339.

81. Kinoshita N., Paul M., Kashiv Y., Collon P., Deibel C. M.,
DiGiovine B., Greene J. P., Henderson D. J., Jiang C. L.,
Marley S. T., Nakanishi T., Pardo R. C., Rehm K. E., Robertson
D., Scott R., Schmitt C., Tang X. D., Vondrasek R., Yokoyama A.
A shorter Sm-146 half-life measured and implications for Sm-
146-Nd-142 chronology in the solar system. Science 2012,
335, 1614.

82. Vockenhuber C., Oberli F., Bichler M., Ahmad I., Quitte G.,
Meier M., Halliday A. N., Lee D. C., Kutschera W., Steier P.,
Gehrke R. J., Helmer R. G. New half-life measurement of Hf-182:
improved chronometer for the early solar system.Phys. Rev. Lett.
2004, 93, 172501.

83. Jorg G., Amelin Y., Kossert K., von Gostomski C. L. Precise and
direct determination of the half-life of Ca-41. Geochem.
Cosmochim. Acta 2012, 88, 51.

84. Pomme S. The uncertainty of the half-life. Metrologia 2015, 52,
S51.

85. Heimann M., Parekh P. P., Herr W. Comparative study on Al-26
and Mn-53 in 18 chondrites. Geochem. Cosmochim. Acta 1974,
38, 217.

S. Heinitz et al.: How accurate are half-life data of long-lived radionuclides? 605



86. Wolfle R., Herr W., Herpers U. Determination of activation cross-
section sigma-therm and of halflife of Mn-53 by a 587 days
reactor irradiation. Radiochim. Acta 1972, 18, 207.

87. Howard W. M., Meyer B. S., Woosley S. E. A new site for the
astrophysical gamma-process. Astrophys. J. 1991, 373, L5.

88. Rapp W., Gorres J., Wiescher M., Schatz H., Kappeler F.
Sensitivity of p-process nucleosynthesis to nuclear reaction
rates in a 25 M-circle dot supernova model. Astrophys. J. 2006,
653, 474.

89. Nakanishi T. M., Honda M. Half-life of Nb-91. Radiochim. Acta
1982, 30, 185.

90. Makino T., Honda M. Half-life of Nb-92. Geochem. Cosmochim.
Acta 1977, 41, 1521.

91. Nethaway D. R., Prindle A. L., Vankonynenburg R. A. Half-life of
Nb-92g. Phys. Rev. C 1978, 17, 1409.

92. He G. Z., Jiang S., Zhou Z. Y., He M., Tian W. Z., Zhang J. L., Diao
L. J., Li H. Precise half-life measurement for the ground state of
Nb-94. Phys. Rev. C 2012, 86, 014605.

93. Schuman R. P., Goris P. Half-life and decay of niobium-94.
J. Inorg. Nucl. Chem. 1959, 12, 1.

94. Rollier M. A., Sæland E., Morpurgo A., Caglieris A. Half-life and
radiations of the long-lived isotope of niobium (94Nb). Acta
Chem. Scand. 1955, 9, 57.

95. Douglas D. L., Mewherter A. C., Schuman R. P. A long-lived
activity in neutron-irradiated niobium. Phys. Rev. 1953, 92, 369.

96. Thomas B. Radioactive Targets for (p, γ) Cross-Section
Measurements. Ph.D. Thesis, University of Frankfurt, Frankfurt
am Main, 2017.

97. SchumannD., Dressler R., ThomasB., SonnabendK., ReifarthR.,
Giesen U. Radiochemical Separation of Nb from Mo – Towards
the Production of a 91Nb Target; PSI-LRC Annual Report:
Villingen, 2015.

98. Chiera N. M., Talip Z., Fankhauser A., Schumann D. Separation
and recovery of exotic radiolanthanides from irradiated
tantalum targets for half-life measurements. PLoSOne 2020, 15,
e0235711.

99. Goriely S., Arnould M., Borzov I., Rayet M. The puzzle of the
synthesis of the rare nuclide La-138. Astron. Astrophys. 2001,
375, L35.

100. Brosi A. R., Ketelle B. H. Radioactive decay of La-137 and Ce-137.
Phys. Rev. 1956, 103, 917.

101. Mughabghab S. F. Recommended Thermal Cross Sections,
Resonance Properties, and Resonance Parameters for Z = 1–60
in Atlas of Neutron Resonances, 6th ed.; Elsevier: Amsterdam,
2018.

102. Torrel S., Krane K. S. Neutron capture cross sections of Ce-
136,Ce-138,Ce-140,Ce-142 and the decays of Ce-137. Phys. Rev.
C 2012, 86, 034340.

103. Lee J. Y., Kim Y. D., Sun G. M. Measurements of thermal neutron
capture cross sections of Ce-136, Dy-156, and Yb-168.Nucl. Data
Sheets 2014, 119, 154.

104. Lugmair G.W., Marti K. Sm-Nd-Pu time-pieces in Angra-Dos-Reis
meteorite. Earth Planet. Sci. Lett. 1977, 35, 273.

105. Prinzhofer A., PapanastassiouD. A.,WasserburgG. J. Samarium-
neodymium evolution of meteorites. Geochem. Cosmochim.
Acta 1992, 56, 797.

106. Nyquist L. E., Bansal B., Wiesmann H., Shih C. Y. Neodymium,
strontium and chromium isotopic studies of the Lew86010 and
Angra-Dos-Reis meteorites and the chronology of the angrite
parent body. Meteoritics 1994, 29, 872.

107. Boyet M., Carlson R. W. Nd-142 evidence for early (>4.53 Ga)
global differentiation of the silicate Earth. Science 2005, 309,
576.

108. Caro G. Early silicate earth differentiation. Annu. Rev. Earth
Planet. Sci. 2011, 39, 31.

109. Dunlavey D. C., Seaborg G. T. Alpha activity of Sm-146 as
detected with nuclear emulsions. Phys. Rev. 1953, 92, 206.

110. Nurmia M., Graeffe G., Valli K., Aaltonen J. Ann. Acad. Sci. Fenn.
1964, A VI, 148.

111. Friedman A. M., Milsted J., Metta D., Henderson D., Lerner J.,
Harkness A. L., RokOpO. P. Alpha decay half lives of 148Gd, 150Gd
and 146Sm. Radiochim. Acta 1966, 5, 192.

112. Meissner F., Schmidtott W. D., Ziegeler L. Half-life and
alpha-ray energy of Sm-146. Z. für Physik A Hadrons Nucl.
1987, 327, 171.

113. Holden N. E. Long-lived Heavy Mass Elements Half-Lives
(A > 125); Report BNL-NCS-36960: Upton, 1985.

114. Mahunka I., Fenyes T. Investigation of the alpha spectrum of Dy
isotopes. Bull. Russ. Acad. Sci.: Phys. Ser. 1965, 29, 1126.

115. MacFarlane R. D. Dysprosium-154, a long-lived α-emitter.
J. Inorg. Nucl. Chem. 1961, 19, 9.

116. Gōnō Y., Hiruta K. Non-existence of isomeric α-decay in Dy154.
J. Phys. Soc. Jpn. 1971, 30, 1241.

117. Chiera N., Dressler R., Sprung P., Talip Z., Schumann D. High
precision half-life measurement of the extinct radio-lanthanide
dysprosium-154. Sci. Rep. 2022, under review.

118. Golovkov N. A., Gromov K. Y., Lebedev N. A., Makhmudov B.,
Rudnev A. S., Chumin V. G. Concerning alpha decay of Dy, Tb, Gd
and Eu isotopes. Bull. Acad. Sci. USSR 1967, 31, 1657.

119. Kutschera W., Billquist P. J., Frekers D., Henning W., Jensen
K. J., Ma X. Z., Pardo R., Paul M., Rehm K. E., Smither R. K.,
Yntema J. L., Mausner L. F. Half-life of Fe-60. Nucl. Instrum.
Methods Phys. Res. Sect. B Beam Interact. Mater. Atoms 1984,
5, 430.

120. Roy J.-C., Kohman T. P. Iron 60. Can. J. Phys. 1957, 35, 649.
121. Uberseder E., Reifarth R., Schumann D., Dillmann I., Domingo-

Pardo C., Gorres J., Heil M., Kappeler F., Marganiec J.,
Neuhausen J., Pignatari M., Voss F., Walter S., Wiescher M.
Measurement of the Fe-60(n, gamma)Fe-61 cross section at
stellar temperatures. Phys. Rev. Lett. 2009, 102, 51101.

122. Knie K., Merchel S., Korschinek G., Faestermann T., Herpers U.,
Gloris M., Michel R. Accelerator mass spectrometry
measurements and model calculations of iron-60 production
rates in meteorites. Meteoritics Planet. Sci. 1999, 34, 729.

123. Koester U. Ausbeuten und Spektroskopie radioaktiver Isotope
bei LOHENGRIN und ISOLDE. Ph.D. Thesis, Technical University
of Munich, Munich, 2000.

124. Fimiani L., Cook D. L., Faestermann T., Gomez-Guzman J. M.,
Hain K., Herzog G., Knie K., Korschinek G., Ludwig P., Park J.,
Reedy R. C., Rugel G. Interstellar Fe-60 on the surface of the
moon. Phys. Rev. Lett. 2016, 116, 151104.

125. Ludwig P., Bishop S., Egli R., Chernenko V., Deneva B.,
Faestermann T., Famulok N., Fimiani L., Gomez-Guzman J. M.,
Hain K., Korschinek G., Hanzlik M., Merchel S., Rugel G. Time-
resolved 2-million-year-old supernova activity discovered in
Earth’s microfossil record. Proc. Natl. Acad. Sci. U. S. A. 2016,
113, 9232.

126. Wallner A., Feige J., Kinoshita N., Paul M., Fifield L. K., Golser R.,
Honda M., Linnemann U., Matsuzaki H., Merchel S., Rugel G.,
Tims S. G., Steier P., Yamagata T., Winkler S. R. Recent near-

606 S. Heinitz et al.: How accurate are half-life data of long-lived radionuclides?



Earth supernovae probed by global deposition of interstellar
radioactive Fe-60. Nature 2016, 532, 69.

127. Iimura H., Horiguchi T., Ishida Y., Ito M., Koizumi M., Miyabe M.,
Oba M. Production of 186mRe by proton bombardment of
enriched 186 W. J. Phys. Soc. Jpn. 2008, 77, 025004.

128. Seegmiller D. W., Lindner M., Meyer R. A. 186Re: nuclear
structure and an isomer of half-life 2 × 105 y. Nucl. Phys. A 1972,
185, 94.

129. Fifield L. K., Morgenstern U. Silicon-32 as a tool for dating the
recent past. Quat. Geochronol. 2009, 4, 400.

130. ZeldesH., Ketelle B. H., Brosi A. R., Fultz C. R., HibbsR. F. Half-life
and mass assignment of argon 39. Phys. Rev. 1952, 86, 811.

131. Stoenner R. W., Schaeffer O. A., Katcoff S. Half-lives of argon-37,
argon-39, and argon-42. Science 1965, 148, 1325.

132. Veicht M., Mihalcea I., Cvjetinovic Đ., Schumann D.
Radiochemical separation and purification of non-carrier-added
silicon-32. Radiochim. Acta 2021, 109, 735.

133. Zappala J. C., Baggenstos D., Gerber C., JiangW., Kennedy B. M.,
Lu Z.-T., Masarik J., Mueller P., Purtschert R., Visser A.
Atmospheric 81Kr as an integrator of cosmic-ray flux on the
hundred-thousand-year time scale. Geophys. Res. Lett. 2020,
47, e2019GL086381.

134. Reynolds J. H. A new long-lived krypton activity. Phys. Rev. 1950,
79, 886.

135. Eastwood T. A., Brown F., Crocker I. H. A krypton-81 half-life
determination using a mass separator. Nucl. Phys. 1964, 58,
328.

136. Carlson R. W., Hauri E. H. Extending the 107Pd-107Ag
chronometer to low Pd/Ag meteorites with multicollector
plasma-ionization mass spectrometry. Geochem. Cosmochim.
Acta 2001, 65, 1839.

137. Flynn K. F., Glendenin L. E. Half-life of 107Pd. Phys. Rev. 1969, 185,
1591.

138. Parker G. W., Creek C. E., Herbert G. M., Lantz P. M. Chemistry
Division Quaterly Report for the Months 1948, January and
February 1949; Report ORNL-336: Oak Ridge, 1949.

139. Todt W., Cliff R. A., Hanser A., Hofmann A. W. Evaluation of a
202Pb–205Pb Double Spike for High – Precision Lead Isotope
Analysis.* in Earth Processes: Reading the Isotopic Code;
American Geophysical Union: Washington, D. C., 1996.

140. McKeegan K. D., Davis A. M. 1.16 – Early Solar System
Chronology in Treatise on Geochemistry; Pergamon: Oxford,
2007.

141. Ljubičić A., Kekez D., Ẑlimen I., Logan B. A. Nondestructive
method for identification of 205Pb at very low concentrations.
Nucl. Instrum. Methods Phys. Res. Sect. A Accel. Spectrom.
Detect. Assoc. Equip. 1993, 325, 545.

142. Huizenga J. R., Stevens C. M. New long-lived isotopes of lead.
Phys. Rev. 1954, 96, 548.

143. Nagai H., NitohO., HondaM. Half-life of Pb-202. Radiochim. Acta
1981, 29, 169.

144. Wing J., Stevens C. M., Huizenga J. R. Radioactivity of lead-205.
Phys. Rev. 1958, 111, 590.

145. Dmitriev P. P., Konstantinov I. O., Krasnov N. N. Determination of
the 93Mo half-life from the yields of nuclear reactions. Sov.
J. Nucl. Phys. 1967, 6, 153.

146. Glendenin L. E. Absence of Long-Lived Selenium in Fission II.
Search for 79Se; Report MDDC1694-C: Oak Ridge, 1948.

147. Singh B. Nuclear data sheets update for A = 79. Nucl. Data
Sheets 1993, 70, 437.

148. Jiang S. S., Guo J. R., Jiang S., Li C. S., Cui A. Z., HeM., Wu S. Y.,
Li S. L. Determination of the half-life of Se-79 with the
accelerator mass spectrometry technique. Nucl. Instrum.
Methods Phys. Res. Sect. B Beam Interact. Mater. Atoms 1997,
123, 405.

149. Li C. S., Guo J. R., Li D. M. A procedure for the separation of
Se-79 from fission products and application to the
determination of the Se-79 half-life. J. Radioanal. Nucl. Chem.
1997, 220, 69.

150. He M., Jiang S., Jiang S., Chen Q., Qin J., Wu S., Dong Y., Zhao Z.
Measurement of 79Se and 64Cu with PXAMS. Nucl. Instrum.
Methods Phys. Res. Sect. B Beam Interact. Mater. Atoms 2000,
172, 177.

151. Jiang S., He M., Diao L., Li C., Gou J., Wu S. Re-measurement of
the half-life of 79Se. Nucl. Instrum. Methods Phys. Res. Sect. A
Accel. Spectrom. Detect. Assoc. Equip. 2002, 489, 195.

152. Jiang S.-S., He M., Diao L.-J., Guo J.-R., Wu S.-Y. Remeasurement
of the half-life of 79 Se with the projectile X-ray detection
method. Chin. Phys. Lett. 2001, 18, 746.

153. HeM., Jiang S., Jiang S., Diao L., Wu S., Li C. Measurement of the
half-life of 79Sewith PX-AMS.Nucl. Instrum.Methods Phys. Res.
Sect. B Beam Interact. Mater. Atoms 2002, 194, 393.

154. Yu R. L., Guo J. R., Cui A. Z., Tang P. J., Li D. M., Liu D. M.
Measurement of the half-life of Se-79 using a radiochemical
method. J. Radioanal. Nucl. Chem.-Artic. 1995, 196, 165.

155. Dou L., Jiang S., Wang X. B., Dong K. J., Wu S. Y., Yang X. R.,
Wang X. M., Lan X. X., Xia Q. L., He M. Measurement of the half-
life of Se-79 with accelerator mass spectrometry. Chin. Phys. C
2014, 38, 106204.

156. Sugarman N. Characteristics of the fission product 135Cs. Phys.
Rev. 1949, 75, 1473.

157. Zeldes H., Brosi A. R., Parker G. W., Herbert G. M., Creek G.
Chemistry Division. Quarterly Progress Report for Period Ending
June 30, 1949; ORNL Report ORNL-286: Oak Ridge, 1949.

158. Parker G., MartinW., Creek G., Lantz P. International Conference
on the Peaceful Uses of Atomic Energy; United Nations: Geneva,
1955.

159. Zhang S. D., Guo J. R., Cui A. Z., Li D. M., Liu D. M. Measurement
of the half life of Sn-126 using a radiochemical method.
J. Radioanal. Nucl. Chem.-Lett. 1996, 212, 93.

160. Haas P., Gartenmann P., Golser R., KutscheraW., SuterM., Synal
H. A., Wagner M. J. M., Wild E., Winkler G. A new half-life
measurement of the long-lived fission product Sn-126. Nucl.
Instrum.Methods Phys. Res. Sect. B Beam Interact.Mater. Atoms
1996, 114, 131.

161. Dropesky B. J., Orth C. J. A summary of the decay of some fission
product tin and antimony isotopes. J. Inorg. Nucl. Chem. 1962,
24, 1301.

162. Brunner J., Guhl H., Halter J., Leisi H. J. Zum Zerfall von Hg195,
Hg194 und Hg193. Helv. Phys. Acta 1955, 28, 475.

163. Malysheva T. V., Alimarin I. P. A radiochemical study of the (p,
pxn), (p, 4pxn), and (p, 5pxn) reactions. Sov. Phys. – JETP 1959,
35, 772.

164. Brunner J., Halter J., Scherrer P. Kernspektroskopische
Untersuchungen der radioaktiven Isotope Hg – Au-195 und Hg –
Au-193. Helv. Phys. Acta 1958, 31, 335.

165. Merz E. Zum Zerfall von Quecksilber-194. Z. Naturforsch. 1961,
16, 1246.

166. Bellanger L., Kilcher P., Poffe N. Étude de la désintégration
194Hg → 194Au. J. Phys. Fr. 1964, 25, 303.

S. Heinitz et al.: How accurate are half-life data of long-lived radionuclides? 607



167. Crasemann B., Kostroun V. O., Rao P. V., Stephas G. L-electron
capture decay of 194Hg. Nucl. Phys. A 1967, 103, 145.

168. Orth C. J., O’Brien H. A., Schillaci M. E., Dropesky B. J. Half-life
measurements on 172Hf and 194Hg. Inorg. Nucl. Chem. Lett.
1973, 9, 611.

169. Probst H.-J., Alderliesten C., Jahn P. A new determination of the
half-life of 194Hg. Z. Naturforsch. 1979, 34, 387.

170. Hornshøj P., NielsenH. L., RudN., RavnH. L. The halflife of 194Hg
determined by means of quantitative on-line mass separation.
Nucl. Instrum. Methods Phys. Res. 1981, 186, 257.

171. Andre C. G., Huizenga J. R., Mech J. F., Ramler W. J., Rauh E. G.,
Rocklin S. R. Proton cross sections of ${\\mathrm{Bi}}ˆ{209}$.
Phys. Rev. 1956, 101, 645.

172. Collé R., Laureano-Perez L., Outola I. A note on the half-life of
209Po. Appl. Radiat. Isot. 2007, 65, 728.

173. Colle R., Fitzgerald R. P., Laureano-Perez L. A new
determination of the Po-209 half-life. J. Phys. G Nucl. Part.
Phys. 2014, 41, 1–12.

174. Pommé S., Stroh H., Benedik L. Confirmation of 20% error in the
209Po half-life. Appl. Radiat. Isot. 2015, 97, 84.

608 S. Heinitz et al.: How accurate are half-life data of long-lived radionuclides?


	How accurate are half-life data of long-lived radionuclides?
	1 Introduction
	2 State-of-the-art
	3 Selected examples
	3.1 Nuclear astrophysics applications
	3.1.1 p-process examples: 91Nb (680(130) a), 92Nb (3.47(24)·107 a) and 94Nb (2.03(16)·104 a)
	3.1.2 Radio-Lanthanides – ubiquitous in stellar nucleosynthesis
	3.1.3 s-process: examples

	3.2 Cosmogenic radionuclides
	3.2.1 Closing the nuclear dating gap – 32Si (153(19) a) and 39Ar (268(8) a)
	3.2.2 Longer-lived dating radionuclides

	3.3 Nuclear energy and safety

	4 Conclusions
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Euroscale Coated v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.7
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1000
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.10000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /DEU <>
    /ENU ()
    /ENN ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName (ISO Coated v2 \(ECI\))
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName <FEFF005B0048006F006800650020004100750066006C00F600730075006E0067005D>
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 8.503940
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.276 841.890]
>> setpagedevice


