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180mTy s nature’s rarest (quasi) stable isotope and its astrophysical origin is an open question. A pos-
sible production site of this isotope is the slow neutron capture process in asymptotic giant branch stars,
where it can be produced via neutron capture reactions on unstable " Ta. We report a new measurement of
the '""Ta(n, y) '*°Ta cross section at thermal-neutron energies via the activation technique. Our results for the
thermal and resonance-integral cross sections are 952 &+ 57 and 2013 + 148 b, respectively. The thermal cross
section is in good agreement with the only previous measurement [Phys. Rev. C 60, 025802 (1999)], while the
resonance integral is different by a factor of ~1.7. While neutron energies in this work are smaller than the
energies in a stellar environment, our results may lead to improvements in theoretical predictions of the stellar

Cross section.

DOLI: 10.1103/PhysRevC.107.045805

I. INTRODUCTION

Tantalum-180 is one of the most interesting isotopes in
nature. In its ground state, this isotope is unstable with a half-
life of 8.15 hours, however, it has a high-spin (97) metastable
state at 77.2 keV that has a half-life >7 x 10" years. This
isomer, '8™Ta, is nature’s rarest (quasi) stable isotope and
its stellar origin remains an open question. At least three
nucleosynthesis processes are thought to contribute to the
130Ta abundance. References [1-4] suggest that '3°Ta is pro-
duced by '8Hf (v,, e) °Ta and '®'Ta(v, v'n) "¥9Ta reactions
in the v process in stellar explosions. Another proposed site
is the p process in O/Ne-rich layers in type-II supernovae
(SNII), where the (y, n) reactions on 1813 1ead to '*°Ta pro-
duction [5-8]. Finally, in low-mass asymptotic giant branch
(AGB) stars, two reaction sequences have been suggested
as sources for '89Ta: (i) neutron capture on '"’Hf resulting
in an isomeric state of 'SOHf (J" =87, 1141 keV), which
has a small B decay branch to "™Ta and (ii) B decay of
thermally excited states in '"’Hf to '7°Ta, and subsequent
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neutron capture to '3°™Ta [9]. Figure 1 shows the two reaction
paths with red and green arrows, respectively. Kédppeler et al.
[10] estimate that (ii) can explain 80%—86% of the solar 180y
abundance, while path (i) seems to only contribute to a small
extent [11]. However, a recent study [8] modeled s-process
nucleosynthesis in AGB stars using the neutron capture cross
sections derived from statistical models (using experimentally
obtained nuclear structure parameters [12]), and found only
a negligible contribution to the observed '®Ta abundance.
They also studied the impact of the newly constrained value
of the " Ta(n, y) cross sections on the time-reversed reaction
180Ta()/, n) 179Ta, which is the main mode of destruction of
180mTy in the SNII p process. They found that the new reac-
tion rate reduces the '®*™Ta overabundance in the p-process
models. The variety of different predictions emphasizes the
need for accurate experimental data on nuclear reactions and
stellar half-lives for the isotopes involved.

The destruction reaction 8™ Ta(n, y) has been measured
by Wisshak et al. [14]. A direct measurement of 1 Ta(n, ¥)
cross section at neutron energies relevant to s-process temper-
atures (keV neutron energies) has not been possible yet due to
the lack of availability of a radioactive '"*Ta (T; 2 =1.82y)
target with sufficient mass. However, the larger neutron fluxes
available at research reactors allow an activation measurement
of the " Ta(n, y) '®'Ta reaction at thermal-neutron energies
(25 meV). There is only one previous measurement of the
thermal ' Ta(n, ) '%°Ta cross section and resonance integral
[15]. This article reports the results of a new measurement of
this important reaction cross section.
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FIG. 1. s-process reaction network. Gray and white boxes show
the stable and unstable isotopes respectively. Thick black arrows
show the main s-process path. The red and green arrows show the
weak branching paths suggested by Refs. [13] and [9], respectively.
The orange arrows show all the other reactions in the network.

.

II. METHOD

A. Radioactive target production

The '7°Ta sample was produced via "8"Hf (p, 2n) reactions
on a metallic Hf foil, using the same approach as Ref. [15].
The hafnium foil (>99.63% purity) of 1.331 g was irradiated
for &7 hours with a 27-MeV beam of protons and a current of
32 pA at the MC40 cyclotron at the University of Birming-
ham. In addition to the isotope of interest, !”Ta, the proton
irradiation also produced a few other radioactive isotopes in
the sample, the most dominant ones being '"*!7>18'Hf and
121 . After a cool-down period of ~7 months, the sam-
ple was treated at PSI for the radio-chemical separation of
7%Ta as follows: The obtained Hf foil was partially dis-
solved in concentrated hydrofluoric acid (HF) with a few
drops of HNOj. An aliquot of the sample was measured by a
high-purity germanium (HPGe) detector to identify the main
radioactive isotopes in the sample. The most dominant y lines
were attributed to '7Hf and '"’Hf, together with its ra-
dioactive daughter '"’Lu. The hafnium isotopes were then
conveniently used as tracers to follow the efficiency of the
chemical separation of 179Tq. After the dissolution, the sample
was diluted by Milli-Q water, changing the HF concentration
to 1 mol L~'. The solution was then applied on a chromato-
graphic column filled with TBP resin (Triskem). The majority
of the hafnium in the solution passed through the column
whereas !7Ta was absorbed on the resin. Afterwards, °Ta
was eluted using 0.1 M HCI solution. The decontamination
factor, D, from hafnium was determined using

C Gy Ay,

where C° and C* represent relative hafnium concentrations
before and after the separation respectively, while A and A*
represent the radioactivity of ' Hf demonstrated by its 343.4
keV y-ray emission from the sample before and after the

separation, respectively. The decontamination factor D was
measured to be of the order of 300.

The solution containing !""Ta was afterwards evaporated
to near dryness and redissolved in a mixture of 6 molL~!
HC1/20 mmol L=! HF. The solution was then applied to a
chromatographic column containing 2 g of TEVA resin as
described by Snow et al. [16]. The ""Ta was absorbed in
the column whereas hafnium was eluted as the column was
washed with a fresh acid mixture. After no signal from ' Hf
could be detected with a HPGe detector, the !7*Ta was eluted
from the column using 6 mol L~! HNO3/20 mmol L~! HF
mixture. After the y spectroscopic analysis only a weak signal
of 'Hf was found in the eluate containing '°Ta, yield-
ing a minimum separation factor on the order of 1 x 10%.
The separation procedure on TEVA resin was repeated once
more without use of additional radiotracers in order to remove
the last traces of hafnium from the sample. The extracted
sample was sealed in the tip of an Eppendorf vial for trans-
portation to Mainz for activation at the TRIGA reactor.

The activity of the extracted sample, as measured at Mainz
on day 521 from the proton irradiation of the hafnium foil,
was found to be 1.905(55) MBq. This activity corresponds
to a '”Ta mass of 47 ng or 1.58 x 10'* atoms. The ac-
tivity was determined by measuring '7*Ta x-rays [17] at
energies 54.61 and 55.79 keV of intensities 12.6(3)% and
21.8(5)%, respectively, on two identical low-energy HPGe
detectors. The uncertainty on the measured activity was calcu-
lated by combining the uncertainties of the x-ray intensities,
detection efficiencies, and the statistical error on the peak
counts.

B. Reactor activation and Cd difference method

The " Ta(n, ¥) 180Ty cross section was measured via the
activation technique, which consists of exposing the sample
to a flux of neutrons and subsequent counting of the reaction
product '8°Ta through its radioactive decay. This allows the
neutron capture cross section to be determined using

le()Ta

od = ,
N,

@)
where Niwp, and Nisor, is the number of '7°Ta and '®*Ta nuclei,
respectively. The neutron fluence (time integrated flux) &
was determined by irradiation of isotopes with well-known
cross sections (Table II) and Niso, was determined by decay
counting of its 93.3 keV gamma line. It should be emphasized
here that since the activation technique can only be used for
reactions with a radioactive product, the present work only
determines the cross section to the unstable ground state of
180,

Irradiation of the '""Ta sample was performed at the
TRIGA reactor in Mainz, in a rotating irradiation carousel,
which results in exposure to a uniform neutron flux. The
reactor’s neutron energy spectrum is comprised of three main
components: moderated thermal neutrons with a Maxwell-
Boltzmann distribution corresponding to k7 = 25.3 meV,
epithermal neutrons (0.2 eV-0.5 MeV) with the flux exhibit-
ing a 1/E energy dependence, and fast fission neutrons (E, >
0.5 MeV). For the present experiment, the contribution from
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TABLE I. Masses of the fluence monitor samples.

Activation Sample Mass (mg)
First: no shield Au-1 (5.91+ 0.01) x 1073
Au-2 (6.33£ 0.01) x 1073
Zr-1 234 £ 0.1
Zr-2 23.5 £ 0.1
Second: Cd shield Au-3 (5914 0.01) x 1073
Au-4 (6.33+ 0.01) x 1073
Zr-3 234 £ 0.1
Zr-4 235 £ 0.1
Sc-3 1.45 + 0.01
Sc-4 1.54 £ 0.01

fast neutrons to the cross section is negligible due to the low
flux and low reaction cross sections.

In the presence of these different components of the neu-
tron flux, the activation equation becomes

NA+|X
NAX ’

o Dy + L Dy = 3)

where @y, and ®.,; are the thermal and epithermal compo-

A . .
nents of the neutron fluence, o,% is the cross section for a

th
thermal-neutron capture on the X nucleus, I:ef is the reso-
nance integral of the cross section in the epithermal energy
region, and Nay and Na+1y are the number of target nuclei and
the activated nuclei, respectively.

To measure the contribution to the activation of the sample
from the thermal and epithermal components of the flu-
ence, the cadmium difference method was employed. This
involved two irradiations of the !7°Ta sample, one with and
one without a surrounding cadmium shield of 1 mm thick-
ness, which shields the sample from thermal neutrons due
to the high thermal absorption cross section of ''*Cd. Each
irradiation was performed for 3 hours, 20 days apart to en-
sure that no '%°Ta was left in the sample before the second
irradiation.

The neutron fluence (P, and Pp;) that the 1791 sample
was exposed to during the activations was measured using
a combination of isotopes with well-known neutron-capture
cross sections at thermal and epithermal energies. Two sam-
ples of each monitor isotope were placed on opposite sides of
the '7°Ta sample during activations, allowing for the determi-
nation of the fluence at the '7°Ta location by averaging. The
fluence monitor samples that were used in the two activations

TABLE II. List of isotopes used to measure neutron fluence. The
cross-section values are taken from the Atlas of Neutron Resonances
[18].

Isotope  Abundance(%) Othermal (b) Lies (b)

43¢ 100 27.16 + 0.20 12.0 &+ 0.05
H7r 174 + 0.3 0.0498 + 0.0017 0.265 + 0.01
%7r 2.8 £ 0.1 0.0229 + 0.0010 5.15 + 0.11
197 Au 100 98.67 + 0.09 1550.0 + 28.0

HPGe
detectors

Activated
a1 1 d2

FIG. 2. Schematic diagram of the detector setup comprising of
two identical HPGe detectors D1 and D2 placed at distances d;, and
d, from the source holder, respectively.

are listed in Table I. Table II lists the monitor isotopes along
with their abundances and the (n, y) cross sections at thermal
and epithermal neutron energies. This combination of isotopes
was chosen since the cross sections are already known with
high accuracy and their excitation functions show different
behavior.

C. Gamma-activity measurement

The gamma-activity of the irradiated samples (!”°Ta and
the fluence monitors) was measured using two identical HPGe
detectors arranged as shown in Fig. 2. The sample was secured
in a holder and the two detectors were placed at opposite
sides of the sample. The whole setup was placed inside lead
shielding to reduce background from natural radioactivity.
The detectors were placed at 5 cm from the source holder to
measure the activity from irradiated !’ Ta sample.

Tantalum-180 activity was measured using y rays follow-
ing the B decay of '%"Ta to the first 2+ state of 'SOHf at
93.3 keV (with 4.51% intensity). At this low energy, the back-
ground from 55-65 keV x rays from '7Ta was significant.
Therefore, an indium absorber disk of 1.5 mm was placed in
front of each detector for '®9Ta activity measurements. Fig-
ure 3 shows a y-ray spectrum of the irradiated '”°Ta sample
with the 93.3 keV line clearly marked.

The fluence monitor samples had a higher activity com-
pared with the '7Ta sample due to their higher mass.
Therefore, their activity measurements required the detectors
to be placed farther at ~11 cm from the sample in order to
reduce the dead time.

3x10°
2x10°

93.3 keV
10°

counts per 0.39 keV

3x10*
2x10*

60 80 100 120 140
Energy (keV)

FIG. 3. Gamma-ray spectrum of activated '"”Ta as recorded
in detector D1 (see Fig. 2) over 12 h starting 5.5 h after the
irradiation.
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III. DATA ANALYSIS AND RESULTS

A. Activation ratio

The activation ratio R is the number of activated nuclei
divided by the number of target nuclei. This ratio for an
irradiated sample was obtained using the following equation:

R= <
G(Eya d)lyfafwmetarget

“

where

C, = counts in the characteristic y peak,
€(E,, d) = absolute detection efficiency at y energy, E,,
and detector distance d,
I, = decay intensity of the characteristic y line,

fa = correction for decay during activation time, ¢,

1 — e M
- A,
fw = correction for decay during waiting period, f,,
= ¢ M,
fm = correction for decay during measurement time, f,,,

Yy
=1—e"nm,

A = decay constant.

B. Efficiency of the detectors

To calculate the activation ratio of a sample using Eq. (4),
the absolute detection efficiencies of the detectors were re-
quired at the sample’s characteristic y-ray energies and for
the corresponding detection setup arrangement. GEANT3 sim-
ulations [19] of the setup accurately modeled the detector
response as a function of y -ray energy, the attenuation from an
absorber of given thickness, and the geometrical acceptance
of the setup for a given distance between detector and the
source. Therefore, to obtain the absolute detection efficien-
cies, €(E,, d), the only unknowns in the simulations were the
distances of the detectors to the source-holder (d; and d; in
Fig. 2).

To precisely determine the detector-to-sample-holder dis-
tances, the simulated efficiencies €(E, , d) at different E,, and
d values (varying in the intervals of 1 mm) were compared
with the efficiency values of the setup measured using the
radioactive sources of well-known activities. The y rays from
the standard sources that were used, 2! Am, '3Ba, 137Cs,
109Cd, and 37-%°Co, covered the energy range corresponding
to the characteristic y-ray lines of fluence monitor isotopes
(411 to 1120 keV) and the '®°Ta decay (93.3 keV). Table V
lists the characteristic y-ray lines for every isotope that was
irradiated in the present work.

For the higher energy range (>200 keV) corresponding to
the y lines from the monitor isotopes, the detection efficiency
can be described by the function,

€(E,) = Aexp{B + C In(E,) + D[In(E, )]*}, 3)

15
1.2 - Simulation 11.4 cm Simulation 11.1 cm
—— fit to the simulation —— fit to the simulation
0.94 + data + data
0.6
0.34
9
= . 1st activation D1 1st activation D2
o 1
g 1.2 « Simulation 11.3 cm Simulation 11 cm
© — fit to the simulation — fit to the simulation
“uq:) 0.94 +4 data + data
0.6
0.3

2nd activation D1

500 1000 1500 500 1000 1500
y-ray energy [keV]

2nd activation D2

FIG. 4. Detector efficiency as a function of energy for the two
detectors D1 and D2 for the fluence monitors’ spectroscopy setups
after the first (no shield) and second (Cd shield) activations. Black
circles show the measured values using radioactive sources. Error
bars on the measurements are smaller than then marker size. Red
dots are the simulated values obtained using GEANT3. The green line
is the fit to the simulated values.

where, A, B, C, and D are the free parameters.
This function was used to fit the simulated e(E,))
values for the monitors’ spectroscopy setup to obtain
a continuous relationship between the energy and
efficiency and evaluate the simulated efficiencies at the
sources’ y energies. Finally, the detector distances were
determined by minimizing the reduced-x2(d), given by the
following equation:

sim (. _ .meas/ 1. \12
) = Y €N E D) = )

[Aemeas(E;)] ’ ©

i

where €8'™ and €™ are the simulated and measured efficien-
cies, respectively, Ae™®* is the uncertainty on the measured
values, d is the detector-to-source-holder distance in the sim-
ulation, and E; are the sources’ y-ray energies. The simulated
distance that resulted in the least x> was chosen as the
best description of the real setup and was used to evaluate
the detection efficiencies at the monitors’ y energies. Figure 4
shows the measured and best-match simulated efficiencies for
the setup arrangements for fluence monitors’ spectroscopy.
The uncertainty in the detector distances was estimated to be
0.1 cm from the x? variation as a function of distance. This
translated to a relative uncertainty of <1% on the evaluated
efficiencies.

A similar procedure was applied to evaluate the detector
distances and thus the efficiencies for the tantalum sample’s
spectroscopy setup. In this case, however, the fit function from
Eq. (5) could not be used because it is not valid in the low-
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TABLE III. Fluence and tantalum activation values for the ir-

probability
[
o o
o [
w o

radiations with and without Cd shielding as measured using the
two detectors. The average values of the fluences were calculated
using the averaged activation values of the monitor isotopes in the
procedure described in Sec. III C.

Dy, Depi Nigo/Ni79
Activation (10" cm™?) (10" cm™?) (1077
Det.1 NoCd 56.77+1.39 2.62+0.08 59.77 &£ 3.06
Cd 0.28 +£0.04 2.60+0.03 5.22 +0.39
Det.2 No Cd 56.25+1.40 2.64+£0.08 58.524+2.68
Cd 028 £0.04 2.5640.03 5.70 £0.41
Avg. No Cd 56.49 £1.31 2.634+0.08 59.15+2.75
Cd 0.28 £0.04 2.584+0.03 5.46 £0.33

0.000
32
N \
T N
- 28 >
v
<
S 260 ‘\§ = >
=) —
224 N&
g2 — zr95  — Au198
e —— Zr95  —— Aul98
2.0{ — 2197 —— Sc46
— 2r97 —— Sc46
1.8 , o : ,
-2 -1 0 1 200 01 02

Dthermar (1014 cm=2) probability

FIG. 5. Epithermal vs thermal fluence plots as measured with
different monitor isotopes (two samples of each) in the second activa-
tion (with Cd shield). The top and the right plots give the probability
distribution of the ®y, and ®.; solutions, respectively.

energy region. Instead, the detector distances were determined
by direct comparison of the measured efficiencies with the
simulation of the detector response at the energies correspond-
ing to the radioactive sources used. The simulations of this
setup also accounted for the attenuation from the absorber
disk that was placed in front of the detectors to reduce the
x-ray background (Sec. IIC). At 93.3 keV, corresponding to
the '80Ta y-ray energy, we obtained efficiency values for
detectorl (detector2) for the first and second activations of
6.18 x 1073 (6.52 x 1073) and 6.40 x 107 (6.54 x 1073),
respectively. The relative uncertainly on these efficiency val-
ues were 2.3%.

More details of the effect of the absorber thickness and the
distance between sample and detectors on y spectra can be
found in Ref. [20].

C. Neutron fluence

For the first activation (without Cd shield), three monitor
isotopes, i.e., 947r, %7r, and 97 Au, were sufficient to de-
termine the fluence. The second activation (with Cd shield)
required an additional monitor isotope with a higher sensitiv-
ity to the thermal neutrons due to the small thermal fluence.
Scandium-45 has a high oy-to-Ig; ratio, and therefore, was
used as a monitor in the second activation.

For each activation, a set of linear equations for &y, and
®pi was obtained by inserting the activation ratios of the
monitor isotopes [calculated using Eq. (4)] and the cross-
section values (from Table II) in Eq. (3). Figure 5 shows
the eight linear equations for the four monitor isotopes (two
samples each) that were used in the second activation (without
Cd shield). Since with several monitor reactions the equa-
tions are overdetermined, the fluence values ®y, and ®,; were
obtained by combining the 2d probability distributions for

The fluence values for both activations from each of the
detector measurements are listed in Table III. The excellent
agreement between the values obtained from the two detectors
is notable as each detector was treated independently in terms
of dead time, efficiencies, and y-peak integration.

D. Cross-section calculations

The measured activation ratios (Nisor, /Niop,) for the two
activations of '7°Ta sample are given in last column of the
Table III. The activation values were calculated using Eq. (4).

Using the fluence and activation ratio values from the two
activations (Table III) in Eq. (3), the following set of two
linear equations was obtained, that was solved for thermal
cross-section oy, and the resonance integral I of 7" Ta:

_ Ny
Gththh + Iresq)epi T (73)
N,
Niso,
athq)gld + [resq)gpgi = N179Ta (7b)
alcd

The final cross-section results are shown in Table IV.

The uncertainties on the final cross-section values were
calculated from the standard error propagation of the uncer-
tainties on fluence and tantalum activation values that are
listed in Table III. The uncertainties on the fluence values
(Table III) were determined as the standard deviation in the
probability distribution that were obtained in Sec. III as shown
in Fig. 5, which in turn were dependent on the uncertainties in
the cross sections of the monitors isotopes and their activation
ratios. Given that the parameters in the activation ratio (4)
were uncorrelated, their uncertainties were combined in the

TABLE IV. "Ta(n, ) '**Ta*" reaction cross section as mea-
sured in the present work. The average column values were
calculated using the average fluence and activation values from Ta-
ble III.

each monitor and normalizing the integral to one. The details

of the technique can be found in Ref. [21].

o (b) Iies (b)
Detector 1 965 + 63 1905 + 167
Detector 2 939 £+ 57 2125+ 180
Average 952 £57 2013 £ 148
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TABLE V. Relative uncertainties in percentage on variables in the activation Eq. (4). The uncertainties on peak counts, efficiencies, and
activation ratio for both detectors were similar. The values shown here are for detector D1. The uncertainties for the fluence monitors listed
here are for a typical sample per isotope (out of all that are listed in Table I).

Sample Au-4 Zr-4 Sc-4 Ta(No-Cd/Cd)
Activated isotope 198 Ay S7r T7r 468¢ 180Ty

E, (keV) 411.8 724.2,756.7 743.4 1120.5 93.3

AC,/C, 0.68 3.22,2.22 0.28 0.64 1.22 5.44
Ae, /€, 1.00 1.00, 1.00 1.00 1.00 2.29 2.29
AL /I, 0.10 0.50, 0.40 0.17 0.00 3.55

Aful fa 0.56 0.56 0.56 0.56 0.58 0.58
Afulfw 0.00 0.00 0.19 0.00 0.30 0.30
N 0.00 0.00 0.03 0.00 0.02 0.04
ANiar [Niar 0.17 0.14 0.14 0.65 2.55 2.58
AR/R 1.35 2.74 3.44 1.46 5.12 7.38

standard way to obtain the uncertainties on the activation
ratios. Table V lists the relative uncertainties on the variables
of Eq. (4) for the tantalum sample and the fluence monitor
samples numbered four (selected randomly).

IV. SUMMARY AND DISCUSSION

In present work, we have measured the neutron-capture
cross section on !"Ta at thermal and epithermal neutron
energies via activation technique at TRIGA reactor, Mainz.
The high neutron fluence at the reactor allowed for a cross-
section measurement using only a 47 ng sample of '"Ta.
The target was produced via the '8CHf (p, 2n) '""Ta reactions
at MC40 cyclotron at the University of Birmingham, and the
irradiated material was processed at PSI into a target.

We obtain a thermal cross-section value of 952 4+ 57 b, and
a resonance integral of L., = 2013 4= 148 b (see Table IV).
The only previous experimental data on the '""Ta(n, y) re-
action are by Schumann and Kippeler [15], who obtained
932 + 62 and 1216 £ 69 b for oy, and I, respectively. While
the agreement for the thermal values is excellent, our reso-
nance integral is 1.66 times higher. The reason for this large
discrepancy is unknown. In both measurements, the same
thickness (1 mm) of the Cd absorber was used. Any small in-
homogeneities in the thickness would not lead to significantly

different results in the two measurements, unless there is a
strong resonance in the !7°Ta 4-n reaction at neutron energies
around the cut off (0.1-1 eV) [22]. However, at present, there
is no experimental data on neutron resonances for this reac-
tion. We therefore strongly encourage the investigation of the
179Ta 4-n reaction in the eV-energy-regime at a time-of-flight
facility.

The higher-resonance integral may point to a higher neu-
tron capture cross section in the stellar neutron energy (keV)
range, which would lead to a higher production of '®9Ta
during the s process. For any firm conclusions, however, a
measurement of the cross section at stellar energies is re-
quired. In addition, cross-section data on production of the
isomeric state '*™Ta are essential. This can be achieved by
combining an activation measurement with a neutron time-
of-flight study, the latter allowing determination of the total
production of '$°Ta, i.e., '80Ta"™ 4 180Ta®",
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