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Underground search for the decay of 3Ta”
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Tantalum-180m is a very rare primordial isotope and is not in its nuclear ground state. The radioactivity of
180T2™ has not yet been observed. Previous attempts to measure the half-life of '®Ta” have been performed
using various detectors located above ground. In this work a 606 g Ta disk of natural isotopic composition was
measured for 170 d in the 225 m deep underground laboratory HADES. The new lower bound for the half-life
is 1.7 x 10! y for electron capture decay and 1.2 x 10'® y for 8~ decay. This gives a total lower bound for the

half-life of 7.1 x 10'3 y, which is a factor of 6 higher than the previous lower bound.
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I. INTRODUCTION

Natural tantalum is composed of '8!Ta and "®Ta™ with
relative natural abundances of 99.988(2)% and 0.012(2)%
(in atom %), respectively [1]. Tantalum-180 is an odd-odd
nucleus, which is only found naturally in an isomeric state
(97). In its ground state, 180Ty has a half-life of 8.1 h and is
thus not present in natural tantalum. The Ta-isotope with mass
180 in natural tantalum was first discovered by White, Collins,
and Rourke [2] in 1955. At that time it was not known that
it was an isomer. Eberhardt and co-workers [3] tried in the
same year to measure its half-life using chemical separations
and mass spectrometry. They determined a lower bound of
9.9 x 10" y for the B~ branch towards W and in a later
paper [4] 4.6 x 10° y for the electron capture (EC) branch
towards '"8°Hf. Since these early measurements a number of
papers have presented improved (higher) lower bounds of the
half-life, which are shown in Table I.

Since the discovery of '8Ta™ there have been efforts to
determine its production during nucleosynthesis in stars and
various astrophysical scenarios have been presented [10-13].
Tantalum-180 has also been of some interest in recent years
for its potential use in y-ray lasers [14,15]. It has furthermore
attracted significant interest in nuclear physics as it provides
a case where one can search for possible structure effects
induced by the high spin-state of the target. This recent interest
has generated several studies on its nuclear properties [16]. In
their paper from 1985, Cumming and Alburger [9] gave a
good overview of certain nuclear properties of '3°Ta™. In the
same paper they published the most recent accepted lower
bounds for the half-life of '30Ta™ (see Table I) of 1.2 x 103 y.
They performed y-ray spectrometry measurements with a
well-type HPGe detector operated in anticoincidence with
a large Nal-detector. Cumming and Alburger used a Ta,Os
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sample containing 151 mg of Ta enriched to 5.47% in
180Ta™ (approximately 8 mg of '89Ta™). The decay scheme
they based their investigation on is presented in Fig. 1. The
same decay scheme was used in this investigation.

II. MATERIALS AND METHODS

A. Sample

The tantalum sample that was used in this study was a
disk that was 18 mm thick and with a radius of 25 mm and
weighing 606.04(1) g. Assuming natural isotopic abundances
gives a "9Ta” mass of 73 mg in the sample. The disk was
obtained from Goodfellow Cambridge Ltd. and had a purity of
99.9%. The only radioimpurity that it was possible to detect
using underground y-ray spectrometry was '82Ta (half-life
114.43 d), which is formed from neutron activation by
environmental thermal neutrons. In fact, the sample that was
used in this investigation was initially employed as a highly
sensitive neutron detector and for this reason it was initially
placed in the underground laboratory Felsenkeller in Dresden
(Germany). Felsenkeller has an overburden of 50 m of rock
(125 m water equivalent). After one year in Felsenkeller the
sample was transported 800 km to the much deeper laboratory
HADES (High Activity Disposal Experimental Site), which
is located at a depth of 500 m water equivalent at the
premises of the Belgian nuclear centre SCK-CEN in Mol
and which is operated by EURIDICE (European Underground
Research Infrastructure for DIsposal of nuclear waste in Clay
Environment). The transport was carried out by car in less than
10 h with the sample covered in 1 mm cadmium and 10 cm
paraffin.

B. Measurements

The first measurement of the sample in HADES lasted for
58 d. It was carried out with the aim of obtaining a value for
the average thermal neutron fluence rate in the Felsenkeller
laboratory based on the '3?Ta activity. After being stored in
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TABLE 1. Published values for the lower bound for the half-life of '*0Ta™.

Reference Technique® Year of Lower limit of half-life (y)
publication
Electron capture B~ decay Total half-life
Eberhardt et al. [3] Mass spec. 1955 9.9 x 10"
Eberhardt et al. [4] Mass spec. 1958 4.6 x 10° 4.5 % 10°
Bauminger and y-spec. using 1958 2.3 x 108 1.7 x 101 9.7 x 1012
Cohen [5] Nal
Sakamoto [6] y-spec. using 1967 1.5 x 1013°
Nal
Ardisson [7] y-spec. using 1977 2.1 x 101 “Impossible”
Ge(Li)

Norman [8] y-spec. using 1981 5.6 x 103 5.6 x 103 2.8 x 108

Ge(Li) and

enriched Ta
Cumming and y-spec. using 1985 3.0 x 101 1.9 x 10¥ 1.2 x 105
Alburger [9] HPGe and

enriched Ta

“The description of each technique is significantly simplified in the table.

" A possible positive detection.

HADES for 46 months a second measurement started since
it was realized that this sample could provide a possibility of
detecting the radioactivity of '®Ta™ or obtaining a higher
lower bound for the half-life of '8Ta™. The sample was
measured for another 112 d (in total 170 d) on the same ultra
low background HPGe-detector with a relative efficiency of
106% and with a crystal radius of 4 cm [17]. The sample was
placed in a special Teflon container directly on the endcap
of the detector. The deep location of HADES reduces the
cosmic-ray induced muon flux more than a factor of 10,
which significantly reduces the background count rate in y -ray
spectrometry [18,19]. In addition to lowering the number
of direct hits on the detector by muons, the background
associated with activation of the sample, detector and shield is
significantly reduced when measuring underground. It is this
very low background that creates the possibility of improving
the previous “best” measurement by Cumming and Alburger
from 1985.
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FIG. 1. The decay scheme of '80Ta™.

The underground laboratory has very stable conditions
regarding, e.g., temperature (less than 1° variation) and Rn-
concentration (around 7 Bq/m3). Furthermore the electrical
connection was via an uninterruptible power supply that filters
the incoming power and delivers a very stable and clean
current. The HPGe-detector was connected to a single digital
unit (DSA-2000) and the y-ray spectra were recorded using
the Genie-2000 data acquisition system. Each spectrum was
recorded for typically 24 h and was inspected visually for
any gain shifts or abnormalities. Gain shifts are normally very
small and do not require correction. In cases where settings
are changed the background peaks at 1460 and 609 keV were
used for adjusting the energy calibration. The data analysis
was performed by manually inspecting the spectrum.

C. Efficiency calculations

The decay scheme of '8Ta™ (Fig. 1) indicates a relatively
high probability for cascade summing, which means that
two or more cascading decay radiations may be detected in
coincidence and consequently reducing the full energy peak
efficiency of each y ray. In addition to this, new sum-peaks
appear in the spectrum. This leads to fewer counts in the peaks
of interest and makes the search for the decay more difficult.
In order to quantify these effects Monte Carlo calculations
using the EGS4 software [20] were conducted. The complete
decay scheme of "%9Ta” was entered into the Monte Carlo
calculations as well as the geometry of the HPGe-detector and
the sample. In the Monte Carlo technique a pseudo random
number generator determines the origin and direction of each
y ray. Each photon is tracked until it is either fully absorbed
or leaves the space that is defined in the model. This space
includes the sample, the detector and the shield. It is inherent
to the Monte Carlo calculation that the self attenuation in the
sample is taken into account. The energy intervals of most
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TABLE II. Half-life limits obtained from the different energy
intervals of interest from the measurements of the Ta-disk. The full
energy peak efficiency per decay is also shown.

Energy of Full energy Energy Lower Decay
expected  peak efficiency interval bound of  branch
peak (keV) per decay (%) (keV) half-life (y)

93.3 0.014 91.5-95.1 1.8 x 10" EC
215.3 0.45 213.3-217.3 6.3 x 10 EC
3323 1.07 330.2-3344 1.7 x 10'¢ EC
103.6 0.022 101.8-105.4 2.9 x 10" B~
234.3 0.54 232.0-236.0 7.7 x 10 B~
350.4 1.14 348.8-353.0 1.2 x 10'¢ B~

interest are around the following peaks: 215.3 and 332.3 keV
for the electron capture decay and 234.3 and 350.4 keV for
the B~ decay. The simulations show for example that some
0.13% of the counts in the 332.3-keV full energy peak will be
lost due to summing with x rays and that 11% will be lost due
to yy summing. Furthermore, the Monte Carlo simulations
served as a means of obtaining the detection efficiency used in
the calculation of the half-life. It was assumed that the '3°Ta™
was homogeneously distributed in the sample. The full energy
peak efficiencies for the different y rays are listed in Table II.
The number of histories for a simulation was always kept high
(107) in order to keep the statistical uncertainties low. The
main uncertainties arose from the interaction cross sections
and the model description of the detector. The Monte Carlo
method for determining the detection efficiency of samples
with strange shapes or with radionuclides for which there is
no reference material, has been successfully used in many
laboratories [21,22]. This approach was validated through the
use of a reference source composed of '7°Lu, which has a long
half-life, 37.9(3) x 10° y, and a decay scheme that greatly
resembles that of '80Ta™ .

D. The influence of 3>Ta

The decay of '$2Ta is followed by x rays and some 41
different y rays. Six of the y rays (68, 100, 1121, 1189,

4.0
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1221, and 1231 keV) have emission probabilities above 10%.
Compton scattering from four of those six y rays generate
background in the energy intervals of most interest for this
study. This effect was studied using Monte Carlo simulations
with the EGS4 code and with the decay scheme of !82Ta
introduced in the simulations. The simulations show that e.g.
in the energy region around 332 keV, there should be three
counts after the first (58-d) measurement from '8?Ta. The
data show that in the same region there are 133 counts. The
background contribution from '#2Ta is thus around 2.3% for
the first measurement. The relative background contributions
of '82Ta to the other energy intervals of interest for this study
are of the same order of magnitude. Because of the decay of
182Ta while being stored in HADES, its contribution to the
second measurement is negligible.

The '8°Ta™ half-life limit was calculated both with and
without the first measurement. It was found that it was better
to include the data of the first measurement although the
contribution from '82Ta was greater there. There should be
no peak from '8>Ta in any of the interesting regions. Care
was taken not to calculate the continuous background in
regions with y-ray peaks from '32Ta (at 100.1, 222.1, and
229.3 keV). The '82Ta peak at 351.05 keV has such a low
emission probability (0.0091%) that it can be neglected.

III. RESULTS

Figure 2 shows the part of the y-ray spectrum collected
for 170 d that encompasses the energy regions with the 350.4,
332.3,234.3, and 215.3 keV y rays that are expected from the
decay of '39Ta™. The peaks that are seen are solely coming
from common background lines in the natural decay chains.
The apparent peak at 181.5 keV (immediately to the left of
the 186-keV peak from 2?°Ra) could not be identified and
is most likely due to pulse statistics as it is near to decision
threshold. The energy intervals of interest are listed in Table II.
Based on the count rates in those intervals the calculation of
decision thresholds was carried out following the international
standard [23]. All the results were compared to the decision
thresholds using o = 0.05 (probability of error of the first
kind).

350.4 keV
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234.0 keV 332.3 keV
3.0
215.3 keV

FIG. 2. The part of the y-ray spectrum col-
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TABLE III. The new lower bounds of the half-life and corre-
sponding logft values for '3Ta™ arising from this work.

EC decay B~ decay Total
Lower bound for half 1.74 x 10'*  1.21 x 10" 7.14 x 10"
life (y)
Lower bound for log ft 23.7 22.2

The disintegration constant, A, for each branch was calcu-
lated using the relation

)\' —Adb—A M
=== dbmeNA,

where n is the number of '89Ta™ atoms in the sample, A is the
180T9™ activity (in Bq) and the suffix “db” stands for decay
branch and is either the EC branch or the §~ branch. The other
parameters are the following:

M = atomic mass of '89Ta” = 179, 947, 464.8(2.4)pu
(24]

6 = the natural isotopic abundance of 180T = 0.012(2)%
(atom %) [1]

m = the mass of the sample = 606.04(1) g

N4y = the Avogadro number = 6.0221415(10) x
1023 mol~! [25].

The disintegration constant for the total decay is simply the
sum of the two decay constants.

The half-life limits obtained for the different y rays are
listed in Table II. From this it is clear that the 332.3-keV
y ray is best suited to study the EC decay giving a lower bound
for the half-life of 1.7 x 10'® y, while for the f~ decay the
350.4-keV y ray gives the highest lower bound of 1.2 x 10'¢y.
The y -ray peak at 350.4 keV would sit on the low energy tail of
the background peak at 351.9 keV (*'#Pb), which hampers the
usefulness of that y ray but it is still preferred to the 234.3-keV
and 103.6-keV y rays that suffer from more self attenuation.
The background in the region of interest around the 350.4-keV
peak goes up by a factor of 2 due to the 2'*Pb-peak. The
decision threshold for the decay constant is proportional to
the square root of the background but inversely proportional
to the detection efficiency. The higher detection efficiency
(a factor of 2.1) at 350.4 keV compared to at 234.3 keV
favours thus the peak at 350.4 keV. Given the data above, the
new half-life limits as well as corresponding logft values for
these third-forbidden nonunique transitions are presented in
Table II1.

IV. DISCUSSION

The isomer '8Ta™ has frequently been called “nature’s
rarest naturally occurring isotope” since it occurs in the solar
system with an abundance of only 2.48 x 10~® atoms per 10°
Si atoms [26]. To explain this very low abundance, various
nucleosynthesis processes (s, 7, p) and astrophysical produc-
tion sites (supernovae, AGB stars, cosmic radiation) have been
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proposed. A detailed discussion can be found in recent papers
by Loewe et al. [10] and Arnould and Goriely [12]. Although
there is agreement that an r-process origin of '%0Ta™ is unlikely,
the papers advocate different production processes. Loewe
et al., claim that the observed abundance of '¥9Ta™ can be fully
explained by s-process nucleosynthesis, while Arnould and
Goriely claim a p-process origin. Considering the arguments
it is likely that both nucleosynthesis processes contribute.
Detecting the decay of '8°Ta™ could help in resolving this
issue.

The measurement presented in this paper was not tailor
made to search for the radioactivity of '8*Ta™ but rather a
spin-off from another measurement. Nevertheless, because
of the low background in the underground laboratory it was
possible to increase the lower bound of the half-life a factor of
6 compared to the previous best value. It should be possible
to extend the lower bound at least another factor of 4 using
the same technique' (underground y-ray spectrometry) and
measurement time but in an experiment that has been designed
explicitly for the purpose. The proposed experiment optimizes
the sample geometry using Monte Carlo calculations as well
as using multiple detectors (including muon veto-shields) for
further suppression of background as well as aid in tagging
interesting events. In case such a measurement still does not
succeed in detecting the radioactivity one could propose to use
detectors aimed at measuring neutrinos or double-8 decay,
e.g., the GERDA detector [27], to gain a factor of 100 or
more.

From theory it is difficult to predict what the half-life should
be. According to Norman [8], one can say that the decay
by internal transition should have a half-life of shorter than
10%” y. The B decays should have higher probabilities so
the authors believe that it is unlikely that the radioactivity
should remain hidden provided the improved measurements
techniques as outlined here are used. This study also shows that
it is possible to use tantalum with natural isotopic abundance
for this type of work. It would, however, be beneficial for
the study to decrease the uncertainty of the natural isotopic
abundance of '39Ta™.
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'Tt is worth noting that since this measurement was finished the
background characteristics of the HPGe-detector were improved
after some changes to the endcap that reduced the amount of
40K and ?*°Ra significantly. The count rate in, e.g., the 351.9-keV
peak from the decay of 2'*Pb is now a factor of 2.7 lower than
what appears in Fig. 2 (i.e., 2.0 £ 0.2 counts per day instead of
5.4+0.3).
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