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The depopulation of *°Ta™ by Coulomb excitation was investigated in a thick-target experiment
using beams of 3?S and 3®S with energies of 70-130 MeV on disks of natural tantalum. The result-
ing '®°Ta ground-state population was measured by detecting its eight-hour decay. At the higher
incident energies the observed '®°Ta yield is dominated by sub-Coulomb neutron pickup transfer
reactions on the 10* times more abundant ®'Ta. At the lower incident energies the *%°Ta ground-
state yield is found to be compatible with Coulomb excitation of the isomer to an intermediate level
with energies E; < 1 MeV and a reduced transition probability B(E2) ~0.02-0.25 Weisskopf units.
Consequences for the astrophysical production mechanism of *°Ta are discussed.

PACS number(s): 23.20.—g, 25.20.Dc, 27.70.4+q, 97.10.Cv

I. INTRODUCTION

The element tantalum is the rarest in nature (0.02 with
silicon normalized to 10%). The odd-odd nucleus #°Ta
is the rarest isotope with a relative abundance of only
0.012% and '8°Ta™ is the only naturally occurring iso-
mer. The survival of the excited state of 8°Ta™ finds
its explanation by the eight-times K-forbidden transi-
tion from the 73 keV J™ = 9~ isomer to the J™ = 1%
ground state. The large hindrance manifests itself in a
lifetime Ty, > 1.2 x 10'® y [1] while the ground state
(g.s.) decays with T, = 8.1 h.

The stellar production mechanism of the isomer re-
mains an unresolved puzzle [2]. On the one hand %°Ta
lies aside from the main path of the slow-neutron s pro-
cess which proceeds through the chain of stable Hf iso-
topes; on the other hand it is shielded by the stable
A = 180 neighbors '%°Hf and %W from the (-decay
paths following the rapid-neutron r process or the pro-
ton p process which account for the production of iso-
topes far away from the valley of stability. Several ideas
have been put forward to explain the solar-system abun-
dance through more complicated processes. Yokoi and
Takahashi [3] proposed an s-process production by an
excited-state 8 decay of 17Hf followed by neutron cap-
ture on the unstable 17°Ta. Beer and Ward [4] suggested
a population of #9Ta™ through a weak (3-decay branch
of the J™ = 8~ isomer in ®**Hf. However, this mecha-
nism is largely excluded on the basis of a recent measure-
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ment of the branching ratio [5]. Substantial production
is also predicted in the neutrino v process [6], where in-
elastic neutrino scattering in a supernova excites giant
resonances that subsequently decay by neutron emission.
Other mechanisms discussed are interstellar spallation [7]
or photodisintegration [8] reactions.

The problem is further aggravated by the possibility
of photodeexcitation of the isomer which could drasti-
cally alter the half-lives of both states in the s-process
environment [9,10]. This reaction involves resonant ex-
citation into a higher-lying intermediate state (IS) and
a finite branching ratio for a subsequent decay cascade
to the g.s. as depicted schematically in Fig. 1. Searches
for such levels with energies E, < 1.3 MeV using in-
tense ®°Co and 37Cs sources were unsuccessful [9,11].
Depopulation of 80Ta™ was, however, observed after ir-
radiation by several MeV bremsstrahlung [10-12], but
the energy of the IS could not be deduced. Recently, the
activation function of the 80Ta™ (v,y')80Ta reaction us-
ing the bremsstrahlung facility at the injector of the S-
DALINAC electron accelerator [13] was measured in the
energy range 2-7 MeV and intermediate levels could be
identified at E, = 2.8 and 3.6 MeV [14]. Those ener-
gies lie too high to be populated in the stellar photon
bath at typical s-process temperatures, but the very large
observed integrated cross sections point towards strong
K mixing at fairly low excitation energies. There has
been some debate about the magnitudes of the measured
cross sections [15,16]. Large isomer photoexcitation cross
sections were, however, shown to be a rather general
phenomenon in deformed nuclei [17,18]. Furthermore,
independent absolute calibration methods of the brem-
strahlung spectra were developed [19] confirming the re-
sults of Ref. [14].
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FIG. 1. Relevant %°Ta levels. Excitation energies are given
in keV. The reaction mechanism is schematically indicated
for the E. = 2800 keV level observed in Ref. [14]: Resonant
excitation of the 9~ isomer (solid arrow up) followed by a
branch into a decay cascade ending up in the 1 ground state
(dashed arrow). The ground-state decay (Ti/2 = 8.1 h) into
180Hf and '%°W is also indicated.

The present work describes an investigation of the elec-
tromagnetic depopulation of 80Ta™ with an alternative
tool, viz., Coulomb excitation. The purpose of the exper-
iment was twofold: Because of the different selectivity of
the Coulomb excitation process involving virtual photons
as compared to real photons in the (v,y') reaction, it was
hoped that the multipole character of the upward transi-
tion to the IS at E, = 2.8 MeV could be determined. In
addition, it opened the prospect of an alternative search
for IS coupling from the isomer to the ground state at
astrophysical relevant excitation energies with improved
sensitivity limits, at least for E2 or higher multipole tran-
sitions.

Several features must be considered. The steep energy
dependence of the virtual photon spectrum in Coulomb
excitation requires a high-Z projectile in order to achieve
measurable population of a level as high as E, = 2.8
MeV. The experiment has to be of an activation type in
order to enable the out-of-beam detection of the signature
transitions indicated in Fig. 1 for the decay of the ground
state (2* — 07 transition in 8°Hf following electron
capture and Hf K, x rays).

The importance of neutron pickup reactions on the
abundant '81Ta in the target as an alternative path to
populate the ground state of 8°Ta introduces a major
uncertainty in the experiment. Although measurements
were performed at bombarding energies well below the
Coulomb barrier, the yield contributions from these re-
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actions may be non-negligible because of the 10* times
higher relative abundance of ¥1Ta. Therefore, two dif-
ferent isotopes, 32S and 3S, were used as projectiles.
They should lead to similar Coulomb excitation yields,
but the 325(181Ta,80Ta)33S and 36g(181T5,180T4)37S re-
actions have quite different Q values (4+1.02 MeV and
—3.27 MeV, respectively). According to the g.s.-to-g.s.
Q-value systematics in heavy-ion transfer reactions [20]
this should lead to cross sections differing at least by
an order of magnitude for the the two projectiles. A
comparison of both measurements should thus allow one
to disentangle possible contributions from sub-Coulomb
transfer processes to the population of the 8°Ta ground
state.

II. EXPERIMENT AND DATA ANALYSIS

The experiment was performed at the Munich tandem
accelerator. Beams of 70-130 MeV 32S and 3¢S ions of
typically 400 particle nA were stopped in natural tanta-
lum disks of 0.5 mm thickness and 1 cm diameter. The in-
cident energies were chosen to lie below the critical value
of about 130 MeV where nuclear interactions become im-
portant [21]. The targets were placed in the bottom of
a brass cup of 2.0 cm length and 1.0 cm diameter which
provided water cooling on the back side to remove the
beam energy deposited in the Ta disks. A ring electrode
connected to —300 V was placed at the cup’s entrance
to repel backward emitted electrons for accurate charge
collection. Typical bombarding times were 2 h. The col-
lected charge was continuously monitored and the value
stored every 15 s for off-line correction of the 8°Ta g.s.
activation due to fluctuations of the beam current.

After irradiation, the Ta disks were placed in front of a
well-shielded hpGe detector and the «-ray spectrum was
recorded for typically 2 h. Figure 2 displays a v spectrum
of the radioactivity induced by the bombardment of Ta
with 36S jons at Eo = 130 MeV. Both types of transitions
which can serve as a signature of the 18Ta g.s. decay were
identified: the Hf K4, o, lines at 54.6 and 55.8 keV and
the 180Hf, 2+ — 0% transition at 93.2 keV. The intensi-
ties of these lines were used to determine the %°Ta g.s.
population. The observed counts were corrected for the
finite duration of irradiation and detection, the absolute
efficiency of the detector, and the relative emission prob-
ability of the respective signature radiation. A strong
background line at E, = 90.6 keV hampered the analy-
sis of the 180Hf, 2+ — 07 transition and limited it to the
higher bombarding energies.

This line and other background lines visible in Fig.
2 can be traced back to fusion reactions with carbon
and oxygen impurities leading to a variety of radioac-

tive daughter nuclei. As an example, the strong lines at

E., = 62.2, 90.6, and 152.9 keV result from the 4°Cr de-
cay which is the 3n decay channel of the 32Cr compound
nucleus resulting from a 3¢S + 60 fusion reaction. Sim-
ilarly, the E, = 159.3 keV transition is explained as 7Sc
decay populated in 3¢S + 2C—%8Cr* reactions. Besides
the Hf x rays resulting from the !8°Ta g.s. decay, also
Ta x rays are identified. Their excitation stems from the
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FIG. 2. Spectrum of « rays following the bombardment of
"2'Ta with 130 MeV %S ions. The transitions characteristic
for a decay of the '®°Ta g.s. are identified (Hf K. x rays,
189Hf, 2* — 0%). The strong background lines arise from
fusion reactions of the projectile with C and O impurities.
The respective radioactive daughter isotopes are indicated.
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FIG. 3. The expanded 50-60 keV region of the photon de-
cay spectra after irradiation by 32S and 3®S beams with inci-
dent energies Eo = 85, 100, and 130 MeV. In the upper left
part the decomposition of the Hf and Ta K, x rays is shown.
The arrows indicate the energies of the K,, and K,, lines
taken from the literature [22]. The histogram labeled b in the
lower right part is a decay spectrum recorded after a cooling
period of 2 h following the end of the irradiation compared to
the normal spectrum labeled a. The intensity is normalized
to the £, = 57.5 keV peak. One observes an enhancement of
the Hf relative to the Ta x-ray count rates.
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pB-radioactivity electrons ionizing the Ta atoms.

Figure 3 shows the expanded 50-60 keV region of the
decay spectra for both projectiles and for incident en-
ergies Ey = 85, 100, and 130 MeV as examples. Be-
cause of the different compound nuclei produced by the
two sulphur isotopes, the overall background in the 32S-
induced spectra is about an order of magnitude larger.
In the upper left part the energies of the K,,, K,, x-ray
lines are indicated by arrows for Hf and Ta, respectively.
The Hf/Ta count-rate ratio becomes smaller and smaller
with decreasing incident energy. In order to extract the
Hf K, yields under these conditions a multi-Gaussian fit
was performed with the experimentally determined line
width and the energy difference of Hf and Ta K, lines
kept fixed. The resulting K,, o, energies and relative in-
tensity ratios were in good agreement with known values
[22] and the total K, intensities were used in the analy-
sis. An example of the fitting procedure is displayed in
the upper left part of Fig. 3.

Because the low Hf/Ta x-ray intensity ratio at the
lower bombarding energies was close to the detection
limit, an alternative analysis was performed utilizing the
fact that the main background radioactive decays, which
induce the Ta x rays, have shorter half-lives than the g.s.
decay of ®°Ta. The lower right part of Fig. 3 demon-
strates for the 3¢S, Eq = 85 MeV spectrum that the
Hf/Ta x-ray ratio can be improved by delaying the start
of the detection time with respect to the end of the ir-
radiation (at the price of some loss in statistics). As
an example, a gamma spectrum where the measurement
started after a cooling time of 2 h is shown labeled b while
the normal spectrum is labeled a. The latter spectrum is
normalized to have the same intensity of the E, = 57.5
keV peak. It is evident that the signature transitions
at the lowest bombarding energies can be enhanced by
letting the background decay away.

III. RESULTS

Excitation functions for the production of '#Ta in
its g.s. by 32S and 3¢S projectiles are shown in Fig. 4.
They are compared to calculations for Coulomb excita-
tion (short-dashed lines) and for single-nucleon transfer
(long-dashed lines), respectively. The yield Y in a thick-
target experiment is related to the Coulomb excitation
cross section o(E) by

_ ° o(E)
Y_NT/EO——(dE/dx)dE, (1)

with dE/dx being the energy loss of the projectile and
Nr the density of target atoms. The integral was com-
puted numerically using the values given by Ziegler [23]
for dE/dz.

Transfer cross sections for the reactions
32,36G(181T, 180T5)33,37G  were estimated using the
coupled-channels code PTOLEMY [24]. Given the odd-
odd character of 89Ta, assignment of quantum numbers
to the single-particle orbitals involved in the transition
is not unique. The strategy was then to run a series
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FIG. 4. Yield excitation functions of the ®°Ta g.s. produc-
tion in bombardments of "**Ta with 32S and *¢S. The solid
circles and squares describe the summed K, yields obtained
for 328 and 3®S projectiles, respectively. The long-dashed lines
describe the contributions due to the 32:3¢S(*81Ta,'8%Ta)%*3"g
reactions. The short-dashed lines correspond to Coulomb ex-
citation and subsequent decay assuming an intermediate level
with E, = 500 keV and B(E2) = 0.08 W.u. The solid line is
the sum of both components.

of calculations for different sets of input parameters (in-
cluding some for neighboring nuclei) and use the family
of results to judge the accuracy of the predictions. As a
result, the absolute values of the transfer cross sections
can only be considered as order-of-magnitude estimates.
The energy dependence and the relative cross sections
between the two sulphur isotopes should, on the other
hand, be more reliable. These characteristics follow from
the slope of one-neutron transfer form factors and Q-
value considerations which are not much affected by the
aforementioned ambiguities. The long-dashed curves in
Fig. 4 [integrated as in Eq. (1) over energy loss in the
target] have been normalized to match the data points at
the highest bombarding energies. This adjustment falls
well within the range of absolute cross sections predicted
by the calculations.

The energy dependence of the different processes ob-
served in Fig. 4 is distinct. The normalized transfer yields
show a much steeper increase with projectile energy than
the Coulomb-excitation results and give a good descrip-
tion of both excitation functions down to Fy = 110 MeV.
Thus, at these energies the transfer contributions domi-
nate. At lower incident energies an additional component
is evident for 36S-induced data and also for the 32S data
point at Eg = 100 MeV. The spectra of the 32S runs for
the lower bombarding energies could not be evaluated
because of the much larger background (see Sec. II).

In Fig. 5 the yield remaining after subtraction of
the transfer part is compared to calculations assuming
Coulomb excitation of 8°Ta through a B(E2) transition
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FIG. 5. Comparison of experimental and calculated
Coulomb-excitation yields. The solid lines show the exci-
tation-energy dependence of E2 excitation with the curves
arbitrarily normalized at Fo = 100 MeV.

to a single intermediate state and subsequent decay to the
g.s. The Coulomb-excitation cross section is a function
of the excitation energy and, to first order, proportional
to the reduced transition probability.

Calculations are shown for E2 multipolarity and E, =
0.5,1.0,1.5,2.0, and 2.8 MeV as examples normalized
at Fy = 100 MeV. The excitation-energy dependence
is rather strong for higher E, and the slope excludes
values £, > 1 MeV. For E, < 600 keV the excitation
function is almost independent of E, and only the re-
duced transition probability B(E2) is scaled. Typical
ranges are B(E2) = 0.02-0.25 Weisskopf units (W.u.)
for E, =100-1000 keV, respectively. As an example
the short-dashed curve in Fig. 4 shows the Coulomb-
excitation cross section for E, = 500 keV and B(FE2)
= 0.08 W.u. The solid line, which represents the sum
of transfer and Coulomb-excitation contributions, repro-
duces the experimental yields quite well.

As an alternative to the above interpretation excitation
by an E3 transition was considered. The shapes of the
calculated excitation functions are almost equal to those
of the E2 case, but large reduced transition probabilities
are needed to fit the data. The typical range is B(E3) =
3-13 W.u. for E;= 100-1000 keV. On the other hand,
an FE1 excitation can be excluded, since it would lead to
unrealistically large transition probabilities [B(E1) > 1
W.u.]. For the same reason, higher multipolarities are
not taken into account.

We remark that an independent analysis using the data
recorded with a 2 h delay with respect to the end of
irradiation (see Fig. 3) leads to the same results.

IV. DISCUSSION

The large yields due to transfer reactions at the high
bombarding energies prevent a conclusion on possible
contributions due to Coulomb excitation of the E, = 2.8
MeV level. Because of the different slopes of the excita-
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tion functions for both processes (see Figs. 4 and 5), the
Coulomb-excitation contribution to the high bombard-
ing energy yields is limited by the experimental errors
to about 10% of the total yield. Assuming a single IS
at B, = 2.8 MeV this would correspond for the 36S-
induced reactions to B(E1) ~ 10 W.u. and B(E2) ~ 70
W.u., respectively. Taking into account the estimates de-
duced from the integrated cross sections of Collins et al.
[14], B(E1) ~ 0.01-0.05 W.u., B(M1) ~ 1-5 W.u. and
B(E2) ~ 60-300 W.u., an E2 excitation at 2.8 MeV ex-
citation energy can probably be excluded, but nothing
can be said about the presence of a contribution due to
a dipole excitation; nor can one distinguish between E1
or M1 character. Notwithstanding the large dipole tran-
sition strengths indicated by the results of Ref. [14], the
corresponding Coulomb-excitation yields of a 2.8 MeV
level would represent only a small fraction of the observed
yield.

However, the presence of an intermediate level with
E, < 1 MeV would have major consequences for the
interpretation of possible interstellar production mech-
anisms. In Fig. 6 the variation of the effective 18°Ta
half-life is shown as a function of the stellar photon-bath
temperature assuming a mediating level at E, = 500 keV
and 1 MeV, respectively, coupling isomer and g.s. The
approach is described in detail in Ref. [10]. The solid lines
correspond to a calculation with the transition strength
normalized to the experimental Coulomb-excitation yield
in Fig. 5. For E, = 500 keV one observes equilibration at
temperatures below 2 x 108 K which reduces the value of
the g.s. half-life to the laboratory value, corrected for ion-
ization effects in the stellar medium [9,10] assuming an
electron density of 102 g/cm3 for pure He stellar matter.
Such a coupling would probably exclude any production
in the s process at commonly adopted [25] temperatures
of 2.8-3.8x108 K. Then '8Ta might constitute a bench-
mark for the test of the recently proposed v process [26]

T e (h)

T (10% K)

FIG. 6. Effective half-life of '®°Ta as a function of the stel-
lar photon-bath temperature assuming an intermediate state
at E, = 500 keV or 1 MeV coupling the isomer and the g.s.
The solid lines correspond to the assumption of a B(E2) tran-
sition to the mediating level and the dashed lines to a B(E3)
transition. The corresponding transition strengths were nor-
malized to the experimental data in Fig. 5.
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where significant contributions to the 8°Ta production
are claimed [6].

If one allows for higher excitation energies up to E, =~ 1
MeV, the reduction of the effective isomer half-life de-
pends critically on the multipolarity, the exact energy
and partial width of the IS, and the temperature of the
stellar photon bath. One obtains parameter regions of
extreme temperature dependence similar to what was re-
cently found in '"®Lu where a photon coupling of the
J™ =7 gs.and the E; =123 keV, J™ =17, Ty, = 3.7
h isomer through a J™ = 5~ level at 839 keV was identi-
fied [27,28]. This is also an initial E2 excitation.

The assumption of an E3 upward transition to the IS
shown as dashed lines would lead to a shift of the equi-
libration temperature to somewhat higher values. How-
ever, the main conlusions drawn for the case of an E2
transition still hold since, e.g., for E, = 0.5 MeV equili-
bration is reached well below the typical s-process tem-
perature range.

It is interesting to judge whether the present results
are compatible with experimental upper limits deduced
from the (,7’) experiments. Here, only E2 excitation is
considered explicitly since the partial widths for gamma
excitation become very small with increasing multipo-
larity. The null results of Ref. [14] at bremsstrahlung
end point energies below 2.8 MeV are consistent with
B(E2) < 20 — 40 W.u. for E, < 2 MeV with little
excitation energy dependence [29]. An estimate for the
measurements using strong ®°Co sources [9,11] is more
difficult since the derivation of the partial width I' from
the experimental cross section depends on the unknown
photon flux at the resonant energy, i.e., I' ~ Oexpt/N,
where n. represents the number of resonant photons per
energy interval.

For the experimental conditions of Ref. [9] using a
medical-therapy 8°Co source the Monte Carlo simula-
tions described in Ref. [30] provide a reasonable estimate
of n, ~ 107%-10"7 eV~!. At the highest possible en-
ergy of about 1.3 MeV (just below the 1.33 MeV line)
the most stringent limit of B(F2) ~5-50 W.u. results.
Towards lower energies the limit increases because of the
strong ES dependence of I.

In Ref. [11] the Ta cross sections are given as a ratio
to the well-established [19,31] 115In(v,y’)!**In™ reaction
cross sections. If one assumes that the level at 1.078 MeV
in 11%In dominates the isomer cross section for irradiation
with a 89Co source, one can derive from Ref. [11] an upper
limit of B(E2) ~ 1 W.u. for an intermediate state at the
same energy. Again, this limit becomes much higher if
the excitation energy of the IS is lower.

The above mentioned example of the 839 keV transi-
tion in 17 Lu demonstrates that the IS strength derived
might be large for a highly K-forbidden transition, but
this is not uncommon. In '7®Lu, where the transition
connects the K = 7 g.s. to the K = 1 isomer, the exper-
imental lifetime limits and the measured branching ratio
[27] can be converted to B(E2) ~ 0.002-0.5 W.u. Finally,
we mention the possibility to explain the deduced B(E3)
or B(E2) values through one or more intermediate iso-
mers in the decay cascade providing the large AK whose
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existence cannot be excluded on the basis of the scarce
spectroscopic information on the 18°Ta level scheme [32].

V. CONCLUSIONS

The possible deexcitation of the long-lived '8°Ta iso-
mer via Coulomb excitation was investigated in a thick-
target experiment using 32S and 3%S ions at energies
Eo= T0-130 MeV. At the higher bombarding energies
the 80Ta g.s. production yield is dominated by the
32,365,181y, 180T5)33,37G reactions that overshadow any
possible observation of the Coulomb excitation of the IS
observed in photon scattering at E, = 2.8 MeV [14]. At
lower incident energies the yield excitation functions indi-
cate the presence of an additional contribution attributed
to the Coulomb excitation. This component can best be
accounted for by assuming a single EF2 transition to an
intermediate level with E, =100-600 keV and a reduced
transition strength of B(E2)=0.02-0.1 W.u. This range
of values, although large for a highly K-forbidden tran-
sition, is comparable to a similar case in 7®Lu. The up-
per limits deduced from photon-scattering experiments
do not contradict this result. Alternatively, an E3 transi-
tion with B(E3) = 3-5.5 W.u. describes the data equally
well.

The identification of an IS at an excitation energy be-
low about 700 keV would have serious consequences for
the stellar production mechanism of ®°Ta. The isomer -
g.s. system would be equilibrated in the stellar photon
bath present during the s process, thus excluding pro-
duction of the long-lived isomer in any s-process scenario.
This would make 8°Ta an ideal test case for the recently
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proposed v process which claims non-negligible contribu-
tions to the 13°Ta nucleosynthesis [6]. If the IS is found at
somewhat higher energies, which cannot be excluded be-
cause of the fairly large scattering of experimental data,
the modification of the isomer effective half-life is hard
to predict because of its extreme sensitivity to the tem-
perature of the stellar photon bath.

An independent confirmation of these results would
be very desirable, given the experimental difficulties de-
scribed above. A possible way might be a repetition of
the experiment using an intense p or a beam where the
neutron pickup transfer reaction is suppressed and the
background radioactivity from fusion reactions with C
and O does not interfere. Alternatively, one can try to
identify the IS in in-beam measurements with enriched
targets or by using a %°Ta beam. It is hoped that such
experiments presently prepared in Munich and at GSI
[33] might allow further insight into the very strong in-
termediate transitions at E, = 2.8 and 3.6 MeV observed
in Ref. [14] which yet lack explanation.
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