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The neutron capture cross section of '30Ta™ has been measured in the keV range, yielding a stellar
average of 1465 = 100 mb at kT = 30 keV. Though the sample contained only 6.7 mg '8°Ta™ (at an
enrichment of 5.5%), the few capture events could be separated from much larger backgrounds by a
unique combination of high efficiency, good energy resolution, and high granularity of the Karlsruhe 47
BaF, detector. A detailed s-process analysis based on this first experimental value indicates that '%Ta”

is predominantly of s-process origin.
DOI: 10.1103/PhysRevLett.87.251102

For two reasons '80Ta” is a unique nucleus: It is the
rarest stable isotope found in the solar system, and it is
the only isotope that is stable in the isomeric state. The
rarity of '80Ta™ reflects the difficulty of its production. In
fact, at first glance the common processes for synthesizing
the heavy elements, including the s, r, and p processes,
seem to fail in this case. Apart from the difficulty of
producing it, '%°Ta™ may be even easily destroyed in the
hot stellar interior by thermally induced depopulation to
the short-lived ground state.

Obviously, '80Ta™ owes its existence to a subtle bal-
ance of nuclear and stellar parameters. Therefore, the ac-
tual abundance provides a sensitive test for nucleosynthesis
models of the heavy elements. This feature has attracted
continuous interest for nuclear physics as well as for as-
trophysics reasons. Apart from a possible s-process origin
[1], the production of '8Ta” in supernovae was proposed
for the p process [2] as well as for the » process [3]. For a
determination of the relative contributions from the various
sites, the s process appears most suited for a quantitative
discussion. As far as the astrophysical part is concerned
the s-process scenarios are comparably stable and easier
to model than supernovae.

Neutron capture nucleosynthesis in the s process is char-
acterized by typical reaction times of =1 yr, slow com-
pared to average B decays. This implies that the reaction
chain follows the valley of stability and that the result-
ing abundances are to good approximation inversely pro-
portional to the respective (n, y) cross sections. Figure 1
shows that the main s-process reaction path (thick arrows)
is bypassing '®9Ta™ via the (1, ) sequence along the stable
hafnium isotopes, with only marginal feeding by two minor
branchings. The decay of the 8~ isomer in '8Hf, which
is weakly populated by neutron capture on '7’Hf, has been
shown to account for about 20% of the observed '39Ta™
abundance [4,5]. This contribution is well determined by
the partial cross section to 'SHf".
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PACS numbers: 25.40.Lw, 26.20.+f, 27.70.+q, 97.10.Cv

The second branching to '39Ta™ occurs via neutron cap-
tures on '7°Ta which in turn is produced by B decay of
the 7/2 state at 214 keV in '"’Hf [6]. Since this state
can be thermally populated in the stellar photon bath only
at sufficiently high temperatures, this route may, therefore,
be interpreted as a sensitive stellar thermometer [1].

This second branching being open only at relatively
high temperatures raises the possibility that the produced
180Ta™ may not survive because it could be immediately
destroyed by thermally induced transitions to the short-
lived ground state [1]. Though direct decay by internal
transitions is prohibited by selection rules, excitation of a
mediating, excited state with decay channels to the ground
state may suffice for efficient depopulation. Many attempts
to locate the position of the lowest mediating state, which
determines the temperature dependence of the '80Ta™ half-
life, were hampered by limited experimental sensitivities.

w 181
Ta 179 + 182 ——> 183
180g
179* 180m
Hf 181
FIG. 1. The reaction path of the s process in the Hf/Ta/W re-

%ion. Though the main reaction path (thick arrows) is bypassing

80Ta™  this rare isotope can, in fact, be produced by neutron
captures on ”Ta and 8 decays of a weakly populated isomer
in '8°Hf, which are the result of minor branchings at A = 179
and 180.
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This problem could recently be solved by a photoactivation
measurement [7] using the world supply of enriched tanta-
lum, a sample consisting of 150 mg oxide powder with a
180Ta™ content of only 5.5%. With this sample and some
other improvements the sensitivity of previous experiments
based on natural samples ('30Ta”/!"®1Ta = 1.2 X 107%)
could be increased by a factor of 5000.

The lowest of several newly identified mediating states
at 1.01 MeV excitation energy can, indeed, be reached at
typical s-process temperatures with the consequence that
180Ta™ cannot survive in the constant temperature scenario
of the classical s process [7]. Instead, it was found that the
highly convective situation during He shell flashes in the
Red Giant phase of stellar evolution favors the s-process
production of '8Ta”. In these so-called asymptotic giant
branch (AGB) stars, recurrent thermal pulses give rise to
rapid mixing of freshly synthesized material into cooler
Zones.

In this Letter we report the first measurement of the stel-
lar (n,y) cross section of '80Ta™, the most crucial infor-
mation for determining the s-process yield. Up to now,
the available results from statistical model calculations dif-
fered by a factor of 2 [1,8—11], reflecting the 50% uncer-
tainty typical of this technique.

The measurement was carried out in the neutron energy
range from 10 to 100 keV using gold as a standard. Neu-
trons were produced via the "Li(p,n)’Be reaction with
the pulsed proton beam of 0.7 ns width, 250 kHz repeti-
tion rate, and 2 wA average current from the Karlsruhe
3.7 MV Van de Graaff accelerator. The neutron energy
was determined by time of flight (TOF), the samples be-
ing located at a flight path of 79 cm. The proton energy
was adjusted 30 keV above the reaction threshold result-
ing in a continuous neutron spectrum from 10 to 100 keV.
Capture events were detected with the Karlsruhe 47 BaF,
array [12] by registration of the prompt capture y-ray cas-
cades. The detector array consists of 41 hexagonal and
pentagonal crystals forming a spherical shell of BaF, with
10 cm inner radius and 15 cm thickness. It is character-
ized by a resolution in yy-ray energy of 7% at 2.5 MeV,
a time resolution of 500 ps, and an efficiency of 99% and
95% for the detection of capture events in '8°Ta™ and gold,
respectively.

The sample of the before mentioned photoactivation ex-
periment has been used in this work as well. Because of
its enormous value, the powder was safely enclosed in a
graphite container of 22 mm diameter with =1 mm thick
walls. The successful TOF measurements at keV energies
on only 6.7 mg '8Ta” in the presence of a dominant '8! Ta
matrix were particularly challenging and highlights the ad-
vantage of the 477 BaF, array, i.e., the combination of good
energy resolution, high vy efficiency, sufficient granularity,
and low neutron sensitivity. Figure 2 illustrates that these
features were essential for separating the few captures on
180Ta™ from the bulk of events from '8! Ta, using the differ-
ences in neutron separation energies (B, = 7.58 MeV for
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FIG. 2. Deposited y-ray energy for prompt capture cascades
of different multiplicities. The spectra are dominated by the
6.06 MeV line from capture on '8'Ta, but '3°Ta™ events are
clearly concentrated in the spectrum with multiplicity >4.

180Ta™ compared to 6.06 MeV for '¥1Ta) and in cascade
multiplicities. Furthermore, the background problem due
to neutrons scattered in the graphite container was strongly
reduced by the excellent TOF structure of the experiment,
which caused a significant delay of this component com-
pared to the distribution of true events.

The enriched tantalum sample and a set of additional
samples in identical graphite containers were mounted on
a sample ladder: a gold disk for determining the neutron
flux, a natural tantalum sample to account for the effect
of '81Ta, as well as an empty container and an empty
position for measuring various background components.
The samples were changed in intervals of about 10 min.
The total beam time of the experiment was 45 days.

Figure 2 shows the background subtracted vy spectra of
capture events from the enriched Ta sample. Though domi-
nated by the 6.06 MeV line due to capture events from
181Ta, neutron captures on '80Ta” are clearly observed in
the spectrum with multiplicity >4. The separation of both
components was performed (i) by a fit based on a parame-
ter systematics for spectra shapes from analyses of neu-
tron capture measurements on more than 50 other isotopes
and (ii) by deriving the '8!Ta contribution from the data
recorded with the natural sample. Both results were con-
sistent within £2.5%. The separation obtained by the first
procedure is illustrated in Fig. 3.

The fraction of '8Ta™ events represented in the spec-
trum with multiplicity >4 was determined by a simula-
tion of the experiment using the GEANT code [13]. The
geometry of the 47 BaF, array was modeled in full de-
tail including the 41 crystals with reflectors and all struc-
tural materials [14]. The efficiency for y rays originating
from a sample in the center of the array was calculated
including the corrections for y-ray self-absorption and for
conversion electrons. The proper energy resolution was
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FIG. 3. Deposited y-ray energy for prompt capture cascades
from the investigated '°Ta™ sample for multiplicities >4
and neutron energies between 50 and 100 keV. The "Ta” and
181Ta components are separated by the fit procedure described
in the text.

adopted from experimental information recorded with an
analog-to-digital converter system.

Gamma-ray cascades from (n, y) reactions were calcu-
lated for '89Ta™, 181Ta, and !°7 Au with the Monte Carlo
code CASINO [15], the implementation of the DICEBOX al-
gorithm [16] for the keV neutron capture regime. An
important feature of this code is the proper treatment of
the probability for emission of conversion electrons. With
these calculated y-ray cascades the response of the 47
BaF, detector was determined in the GEANT simulations
by following the energy deposited in the individual mod-
ules down to the experimental threshold of ~50 keV.

Within experimental uncertainties, the measured spectra
for different multiplicities could be reproduced for '8!Ta
[17], and '°7 Au, thus providing a reliable extrapolation for
180Ta™ . Accordingly, the "%9Ta™ spectrum with multiplic-
ity >4 was found to represent 83% of all capture events,
in good agreement with the estimated 87 = 5% based on
the experimental data of Fig. 2.

The final results for the stellar cross sections are sum-
marized in Table I (for a full description of the experiment
and detailed numerical values, see Ref. [17]). The system-
atic uncertainty of 5.1% reflects the difficulty in separating
true '39Ta™ events from the '8! Ta component. The com-
parison with theoretical predictions shows that the cross
section is significantly smaller than the value of Ref. [1],
which had been adopted previously.

As mentioned before, the result of the photoactivation
measurement [7] implies that 180Ta™ cannot be accounted
for by the classical s process [1], but that it can be produced
in substantial amounts by the more complex scenarios re-
lated to the s process during recurrent thermal instabilities
in the AGB phase of 1.5 to 3 M mass stars [18—20]. In
this model, about 95% of the neutron irradiation occurs
via the 3C(a, n) reaction between thermal instabilities at
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TABLE L. Stellar neutron capture cross section of '3°Ta™ com-
pared to previous calculations.
kT Uncertainty (mb)
(keV) (ov)/vr (mb) stat. syst. tot.
Expt. 10 2695 153 137 205
Expt. 30 1465 66 75 100
Calc. 30 2662 [1], 3270 [8], 2273 [9],

1800 [10], 1705 [11]

comparably low temperatures of 7g = 1 (temperature in
units of 10® K), where !7?Hf and '8Ta™ are both stable and
where only a minor fraction of '39Ta” is produced via the
decay of '8OHf™. During thermal instabilities, however,
temperatures of Ty = 2.5-2.8 are reached for a few years,
resulting in a second neutron burst due to the marginal
activation of the ??Ne(a, n) reaction. At these higher tem-
peratures, '”Hf becomes unstable, thus opening the neu-
tron capture sequence from '"Ta to '89Ta™. The prolific
energy production in the He shell flashes creates a highly
convective zone with turnover times of less than a few
hours. This means that mixing of freshly produced '39Ta”
from the bottom of the convective zone into cooler regions
occurs so fast that '%9Ta™ survives even if one adopts the
lower limit of the half-lives deduced from the photoacti-
vation experiment [7]. Soon after the He shell flash, the
reaction zone is partly engulfed by the convective envelope
where the '80Ta™ is temporarily stored before it is ejected
into the interstellar medium at the end of the AGB phase.

According to the result of the photoactivation measure-
ment [7] the large gradient in temperature (0.2 < Ty < 3)
and density (10 = p = 10* gecm™?) implies that the ef-
fective lifetime of '89Ta™ varies by more than 15 orders
of magnitude between the top and the bottom of the con-
vective zone. In the present stellar model calculations, the
production and survival of '89Ta™ was followed in detail
by dividing this convective zone into 25 meshes of equal
extension, where the physical conditions could be consid-
ered constant during each time step. The evolution of each
mesh with time was obtained by the stellar model, which
accounts also for the changes from one He shell flash to
the next along the AGB evolution [20]. The nucleosynthe-
sis was followed in each mesh separately, and the result-
ing abundances were periodically mixed to account for the
turnover time of the convective zone.

It is evident that high temperatures prevail only in a
relatively thin layer near the bottom of the convective zone,
where also the s process takes place. It is only there that
180Ta™ can be efficiently destroyed via thermally induced
transitions to the short-lived ground state. However, as
long as the turnover time is short compared to the actual
half-life, most of the produced '39Ta™ is rapidly brought to
the outer and cooler layers of the convective zone where it
survives unaltered. In view of the very short turnover time
this condition is satisfied for the entire range of half-lives
suggested in Ref. [7].
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FIG. 4. Time evolution of abundances (as mass fractions) dur-
ing the 2*Ne(a, n)>Mg neutron burst for a typical advanced
pulse of the standard model star 2Mo, Z = 1/2 Z, solid lines).
Compared to the evolution of the neighboring Hf isotopes, which
are in reaction equilibrium, the variations of 179, 1809 and
180W are due to the branching at '7Hf. Since the ¥9Ta™ yields
for stars of different mass and metallicity are very similar, the
average over galactic chemical evolution is not expected to differ
significantly from these results (see text). The dotted line corre-
sponds to the bottom temperature of the convective region (right
scale), which reflects also the behavior of the neutron density.

In contrast to the half-life problem, the experimental
(n,y) rate of "9Ta” has a much deeper consequence
since the s-process yields around A = 180 are to good
approximation inversely proportional to the respective
Maxwellian-averaged cross sections. The experimental
rate being nearly a factor of 2 smaller than the value
adopted previously [1,7] implies a corresponding increase
of the "89Ta™ production, reaching now ~85% of the solar
value.

The contribution to the '%Ta” abundance resulting from
the neutron burst by the >’Ne source averaged over a typi-
cal He shell flash is illustrated in Fig. 4. While the neigh-
boring Hf isotopes are in reaction equilibrium and remain
almost unchanged, the branching at !7’Hf causes the '"°Ta
and "W abundances to follow the temperature and neu-
tron density profiles (with a certain delay due to the 8~
decay half-life of the 214 keV level in !7°Hf). As a con-
sequence of the complex interplay between temperature,
neutron density, and B decay this behavior is less evident
for the 139Ta™ abundance. Nevertheless, the initial !39Ta™
abundance in Fig. 4, which results from the neutron expo-
sure by the '3C source in the interpulse phase and from
previous He shell flash episodes, increases during the flash
by 40%.

Starting from the situation illustrated in Fig. 4 the
s-process production of '8Ta™ has been studied for a
range of stellar masses (1.5 < M /Mo < 3) and metallic-
ities (0.01 < Z/Zs < 1). It turned out that the respective
180Ta™ vyields are fairly independent of stellar mass and
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metallicity, in particular, for stars around one-tenth of
the solar metallicity, which are known to contribute most
efficiently to the solar s abundances between Ba and Pb
[21,22]. Since all investigated models predicted '80Ta™
abundances between 80% and 86% of the solar ratio, this
range determines also the average over galactic chemical
evolution. This result strongly suggests a predominant
s-process origin of 0Ta™ related to the He shell burning
phase of low mass AGB stars.

The main residual uncertainties in the s-process yield
of 180Ta™ are due to the stellar half-life of "’Hf and the
(n,7) cross section of '""Ta. Variation of these quantities
within plausible limits of =30% would change the '89Ta™
abundance by 15% and 25%, respectively. While the part
of the half-life might be difficult to improve, a measure-
ment of the '"Ta cross section remains an experimental
challenge for a conclusive analysis of the s-process origin
of 180Ta™,
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