
 

Properties of 187Ta Revealed through Isomeric Decay
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Mass-separated 187Ta114 in a high-spin isomeric state has been produced for the first time by
multinucleon transfer reactions, employing an argon gas-stopping cell and laser ionization. Internal γ
rays revealed a T1=2 ¼ 7.3� 0.9 s isomer at 1778� 1 keV, which decays through a rotational band with
perturbations associated with the approach to a prolate-oblate shape transition. Model calculations show
less influence from triaxiality compared to heavier elements in the same mass region. The isomer-decay
reduced E2 hindrance factor fν ¼ 27� 1 supports the interpretation that axial symmetry is approximately
conserved.
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Progress in the study of heavy, neutron-rich nuclei is
leading the way toward a deeper understanding of cosmic
elemental abundances. For example, the A ≈ 195 solar
abundance peak is determined by the properties of unstable
nuclei along the r-process (rapid neutron capture) path of
stellar nucleosynthesis, which follows the N ¼ 126 closed
neutron shell up to Z ≈ 73 [1]. Pinning down the structure
of the N ≈ 126 nuclei, and ultimately reaching the r-
process path itself, are basic objectives of several new
accelerator facilities, both planned and under construction
[2–5]. Nevertheless, difficulties center on the low produc-
tion rates and the lack of selective reaction mechanisms,
so that additional experimental advances are needed [4,5].
A possibility for half-lives longer than about 100 ms is
“isotope separation,” where the nuclear reaction products
are stopped, vaporized, ionized, mass separated, and trans-
ported to a low-background measurement station.
However, the refractory chemistry of key elements, from
hafnium (Z ¼ 72) to iridium (Z ¼ 77), makes them hard to
vaporize [6]. An essential requirement is, therefore, to
develop a suitable gas-stopping arrangement for the reac-
tion products [7,8].

A promising additional feature of isotope separation is
that it may be used with long-lived nuclear excited states
(isomers) [9–11] whose γ-ray decay can enable the nuclear
structure to be studied at high angular momentum, giving
sensitivity to rotational and shape degrees of freedom.
While the occurrence of sufficiently long-lived, high-spin
isomers is rare [12], discoveries [13] in the Experimental
Storage Ring (ESR) at GSI in Germany have opened a
special opportunity in the neutron-rich hafnium and tanta-
lum (Z ¼ 73) isotopes.
We now report the first successful production and sepa-

ration of low-energybeamsof neutron-rich tantalum isotopes
and isomers. The production process exploits multinucleon
transfer (MNT) reactions which have been shown to be
effective for making neutron-rich nuclei [14–16]. In the
present work, the large angular momentum transfer in MNT
reactions is a vital aspect for the formation of high-spin
isomers.We focus on the internal decay of an isomer in 187Ta,
which reveals a perturbed rotational band and sheds light on
the nuclear structure associated with a prolate-oblate shape
transition.
The existence of 187Ta was first established at GSI from

high-energy projectile fragmentation of 197Au [17].
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Subsequently, it was observed with high mass resolution in
the ESR using the same reaction. In the form of “bare” ions
with all atomic electrons removed, the 187Ta ground state
(gs) and two isomeric states (m1 and m2) were identified
and their masses and half-lives measured, yielding excita-
tion energies of 1789� 13 and 2935� 14 keV, respec-
tively [13]. The measured half-lives were 2.3� 0.6 min,
22� 9 s, and > 5 min for the gs, m1, and m2 states,
respectively. Furthermore, without observing the decay
radiations, it could be determined that there were both β
and γ decays from the m1 isomer, but no other spectro-
scopic information was obtained. The key finding now
reported is the detailed γ-ray decay pathway from the m1

isomer to the gs of 187Ta. The first observation of γ rays
following the β decay of the gs will be reported elsewhere,
as will the tentative identification of decays associated with
the m2 isomer.
The experiment was performed at the RIKEN Nishina

Center in Saitama, Japan, with the recently commissioned
KEK Isotope Separation System facility [18,19]. This is the
first facility of its kind, capable of stopping heavy-ion
reaction products in a high-pressure (80 kPa) argon gas cell,
performing laser resonant ionization for element (Z)
selectivity, and achieving mass (A) separation of the
electrostatically extracted, singly charged, 20 keV ions in
a dipole magnet with a resolving power A=ΔA ¼ 900. In
the present work, the 187Ta ions were produced by MNT
reactions of a 50 particle-nA beam of 136Xe at 7.2 MeV per
nucleon, delivered by the RIKEN ring cyclotron. The beam
was incident on a 5-μm-thick natural tungsten target (28%
186W) at the entrance to the argon gas cell.
The 20 keV secondary beam of laser-ionized tantalum

[20] was mass separated (≈1.5 ions=s of 187Ta) and trans-
ported to a moving-tape collection point, surrounded by a
low-background, 32-element gas proportional counter with
80% of a 4π solid angle for β particles and conversion
electrons [21], and four super Clover germanium γ-ray
detectors with a total absolute full-energy-peak efficiency
of 15% at 150 keV. In the analysis, e − γ coincidences were
always required, as they were very effective at removing
background γ-ray events. Furthermore, the 32 elements of
the gas counter were arranged in two concentric layers, and,
by requiring events only in the first layer, isomeric cascades
could be preferentially selected [19,21]. The tape transport
was operated with equal beam-on and beam-off periods,
with the radioactivity moved to a shielded location at the
end of each cycle. The chosen beam-on periods were 30,
300, and 1800 s, with 5 days of data taking. During the
beam-off periods at the e − γ spectroscopy station, the
beam was electrostatically deflected to a multireflection
time-of-flight device for high-resolution mass analysis [22].
First, the m1 isomer half-life is discussed. The half-life

derived from the ESR data for bare ions represents an upper
half-life limit for neutral atoms, because conversion coef-
ficients can be very large (greater than 100) for low-energy

γ rays [23], yet electron conversion cannot take place in
bare ions. Therefore, the present measurement searched for
previously unassigned γ-ray transitions with T1=2 ≤ 22 s.
As illustrated in Fig. 1, transitions were identified that
yielded a half-life of 7.3� 0.9 s. The time spectrum comes
from the addition of the time evolution of ten different γ-ray
transition intensities. For individual transitions, the half-life
uncertainties are large, but by simple inspection of the time-
gated γ-ray spectra it is clear that their half-lives are all less
than 20 s, and no other 187Ta half-lives of less than 1 min
are known.
Having identified a number of γ-ray transitions associ-

ated with the relatively short half-life of 7.3 s, the γ-ray
coincidence relationships (�300 ns) enabled them to be
unambiguously ordered in a cascade, as shown in Fig. 2.
The γ-ray sum-coincidence spectrum is illustrated in Fig. 3,
where the tantalum x rays show that the isomer is under-
going internal decay. The level structure is independently
confirmed by Gammasphere data from several years ago
[24], also using MNT reactions, taken at the Argonne
National Laboratory. Previously unplaced 187Ta transitions
and their coincidence relationships have now been
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FIG. 1. Sum of γ-ray time spectra for transitions involved in the
decay of 187Tam1. The line through the data is a log-likelihood fit
to the growth (beam on) and decay (beam off) periods, each of
30 s duration, yielding a half-life of 7.3� 0.9 s.

FIG. 2. Level scheme for 187Ta obtained from the decay of its
T1=2 ¼ 7.3� 0.9 s isomeric state at 1778 keV.
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observed during the beam-off periods of the Gammasphere
beam pulsing.
From the Gammasphere data, the γ-ray intensities,

combined with theoretical conversion coefficients [23],
enable the transition multipole characters to be deduced,
assuming rotational properties for the band based on the
245 keV level. We discuss in more detail only the
191.7 keV doublet. It proved not to be possible to
distinguish between the energies of these two transitions
(with uncertainties of �0.5 keV), but their intensities can
be separately determined. Thus, the conversion coefficient
of the isomeric 191.7 keV transition is found to be
αT ¼ 0.57� 0.24, which indicates M1 or E2 character.
The theoretical conversion coefficients [23] are αT ¼ 0.07,
0.69, 0.34, 3.72, and 2.69 for E1, M1, E2, M2, and E3,
respectively. However, an M1 assignment would indicate
the possibility of a competing E2 transition to the 1287 keV
band member, which is unobserved. Therefore, a tentative
E2 assignment is given for the isomeric 191.7 keV tran-
sition, and, hence, Iπ ¼ ð25=2−Þ for the isomer itself.
Comparison with the ESR data [13] is instructive. Those

data independently establish the energy difference between
the isomer and the gs to be 1789� 13 keV, in good
agreement with the present more-accurate value of
1778� 1 keV. The ESR measurements [13,25] also iden-
tified five β-decay events (as well as eight γ-decay events)
from 187Tam1, but, in the present work, no β-decay branch
could be confirmed. Considering both datasets and that
electron conversion is not possible for bare ions in the ESR,
we estimate conservatively that the neutral atom has a β-
decay branching ratio < 40%.
The structure of the gs of 187Ta is indicated by the

systematic observation [26] that the gs of the lighter
tantalum isotopes (175 ≤ A ≤ 185) is formed by the spin
Iπ ¼ Ωπ ¼ 7=2þ, 7=2þ½404� Nilsson configuration, where
Ω is the spin projection on the nuclear symmetry axis. The
same configuration assignment for 187Ta is supported in the
present work by the observed β decay of the gs to states in
187W. However, parentheses are used for all spin and parity
assignments in Fig. 2 on account of the provisional gs
assignment. The next-lowest intrinsic state is expected [26]
to be the 9=2−½514� configuration. This is entirely con-
sistent with the observed structure, which is itself very

similar to the corresponding structure in 185Ta [24]. Once
the gs spin and parity are taken to be 7=2þ, as for the
7=2þ½404� configuration, all the other spins and parities in
Fig. 2 are determined by the γ-ray intensities and implied
conversion coefficients, as discussed above.
The isomer configuration comes from multiquasiparticle

calculations. Reed et al. [13,25], assigned a Kπ ¼ 27=2þ
one-proton–two-neutron configuration fπ9=2−½514�⊗
ν11=2þ½615�⊗ ν7=2−½503�g, where K is the sum of the
individual Ω values. This would be compatible with the
deduced level scheme if the 191.7 keV transition from
the isomer were of E3 character, but that is ruled out by
the deduced conversion coefficient. We have performed
two new sets of calculations with a Woods-Saxon potential
and universal parameters [27], first multiconfiguration
calculations [28–30] with fixed deformation [31],
including residual interactions, and second configuration-
constrained, potential-energy-surface (PES) calculations
[32]. The calculations suggest two competing Kπ ¼ 25=2−

configurations: fπ7=2þ½404�⊗ν11=2þ½615�⊗ν7=2−½503�g
and fπ9=2−½514� ⊗ ν9=2−½505� ⊗ ν7=2−½503�g, but we
are unable to distinguish between them experimentally. The
PES calculations give deformation parameters ðβ2; γ; β4Þ ¼
ð0.208; 0°;−0.076Þ and ð0.189; 0°;−0.062Þ, respectively.
With regard to isomer decay rates (discussed later), the γ ¼
0° axial symmetry is a significant feature.
Considering the rotational states populated by the isomer

decay, it is instructive to analyze the I → I − 1 transition
energies. A rotational band with a constant moment of
inertia, J, follows the well-known formula for the rotational
energy ER ¼ ℏ2=2J½IðI þ 1Þ − K2�, so that the energy
change ΔEðI → I − 1Þ obeys the expression ΔE=2I ¼
ℏ2=2J. In order to assess the regularity of a rotational band,
it is common practice to plot this as a function of I, as shown
in Fig. 4 for the 9=2−½514� bands in 187Ta, its isotope 185Ta
[24], and its isotone 189Re [33]. For 185Ta, the behavior is
monotonic and slightly decreasing. This indicates a gently
increasing moment of inertia, which is the normal behavior.

FIG. 3. Sum of γ-γ-coincidence energy spectra, illustrating
transitions involved in the decay of 187Tam1.

I 
(

)

I

FIG. 4. Signature splitting as a function of angular momentum
for 9=2−½514� bands in 185Ta [24], 187Ta (this work), and 189Re
[33]. The energy ΔE is for I → I − 1 transitions. Circles
represent tantalum isotopes (Z ¼ 73), and filled symbols re-
present N ¼ 114 isotones.
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By contrast, there are significant oscillations, or “stagger-
ing,” for 187Ta, which become substantially larger in 189Re.
This staggering effect has recently been studied in the
9=2−½514� bands of 187;189;191Re, both experimentally and
with triaxial particle-plus-rotor model calculations [33]. It
was concluded that the triaxiality parameter (which ranges
from γ ¼ 0° for prolate shape to 60° for oblate shape) takes
values of 5°, 18°, and 25°, respectively, in the three rhenium
isotopes. Since the staggering in the 187Ta band is inter-
mediate between that in 189Re and 187Re [33], it can be
estimated that its triaxiality value is γ ≈ 10°. It can also be
observed in Fig. 4 that theΔE=2I value is, on average, lower
for 187Ta than for 189Re, indicating a highermoment of inertia
for 187Ta and, hence, a larger β2 deformation.
In the present work, total Routhian surface (TRS)

calculations [34–36] have been carried out for the
9=2−½514� bands of 187Ta and 189Re. As illustrated in
Fig. 5, these show axially symmetric, prolate minima.
The minimum is shallower for 189Re, and the contour lines
extend in the axially asymmetric direction, particularly in
the γ < 0° direction. This is consistent with a greater role of
axial asymmetry in 189Re, relative to 187Ta. Compared to the
particle-plus-rotor calculations [33], the present work
suggests the significant role of dynamic, rather than static,
γ deformation at low spin. However, at high spin (I ≈ 18),
the TRS calculations show a dramatic change to oblate
rotation, similar to that predicted in, for example, the
hafnium isotopes [36].
An important aspect here is that N ≈ 116 is the critical

point for a gs prolate-oblate shape transition with an
increasing neutron number. This has been well studied
in the higher-Z elements, especially osmium (Z ¼ 76) and
platinum (Z ¼ 78), where the prolate-oblate transition is
achieved by passing through triaxial shapes [10,37–41].
However, calculations such as those of Robledo,
Rodríguez-Guzmán, and Sarriguren [40] and the present

work predict that, as Z decreases, the β2 deformation
increases and triaxiality plays a reduced role. We have
here presented experimental evidence, through the reduced
staggering behavior in the 9=2−½514� band of 187Ta,
compared to that in its N ¼ 114 isotone 189Re, that this
is indeed the case.
Further information about the triaxiality comes from the

half-life of 187Tam1 (T1=2 ¼ 7.3� 0.9 s) which is long
because the decay transition is “K forbidden,” with
ΔK > λ, where ΔK is the change in K value and λ is
the angular momentum carried by the transition. The
degree of forbiddenness is defined as ν ¼ ΔK − λ, and
the reduced hindrance is fν ¼ ðTγ

1=2=T
W
1=2Þ1=ν, where Tγ

1=2

is the partial γ-ray half-life and TW
1=2 is the corresponding

Weisskopf estimate [10]. In the present case of E2 decay
from 187Tam1, we find that fν ¼ 27� 1, which is a
substantial value [10,42]. However, compared to the E2
decay of 185Tam1, with fν ¼ 71 [24], the fν ¼ 27 value
indicates significantK mixing, qualitatively consistent with
the greater staggering in the populated rotational band.
Comparison with the equivalent E2 isomeric decay in 189Re
is not straightforward, because the branching intensities are
not specified [33]. Nevertheless, a much smaller fν value is
evident, indicating a substantial loss of axial symmetry.
Therefore, this analysis supports the calculations ([40] and
the present work) that show better axial symmetry for
lower-Z elements in the N ≈ 116 prolate-oblate shape
transition region.
In summary, the excited-state structure of 187Ta114 has

been revealed for the first time through itsm1 isomer decay,
with T1=2 ¼ 7.3� 0.9 s. Despite the close approach to
N ≈ 116, which is the critical point for the predicted gs
prolate-oblate shape transition, the reduced hindrance for
the E2 isomeric decay remains substantial, with
fν ¼ 27� 1, indicating that K is approximately conserved
and, therefore, that axial symmetry is not strongly violated.
Nevertheless, weak violation of axial symmetry is indicated
by the observed staggering in the 9=2−½514� rotational band
that is populated through the isomer decay. Comparison
with the rhenium isotone 189Re supports calculations
showing that axial symmetry is better conserved, through
the N ≈ 116 shape transition region, for the lower-Z nuclei.
The new capability to produce low-energy beams of
neutron-rich tantalum isotopes and isomers demonstrates
the power of the gas-stopping technique for nuclear
structure studies of exotic neutron-rich nuclei, even with
refractory elements. This marks a milestone on the way to
the exploration of nuclei predicted to have well-deformed
oblate ground states and ultimately to N ≈ 126 r-process
nuclei.

This experiment was performed at the RI Beam Factory
operated by RIKENNishina Center and CNS, University of
Tokyo. The authors thank the RIKEN accelerator staff for
their support. This work was funded in part by Grants

FIG. 5. TRS calculations for the 9=2−½514� bands in 187Ta (left)
and 189Re (right) at ℏω ¼ 0.15 MeV (I ≈ 5ℏ). The energy
minima (dots) are at ðβ2; γ; β4Þ ¼ ð0.205; 0°;−0.079Þ for 187Ta
and ð0.174; 0°;−0.060Þ for 189Re. Energy contours are at 200 keV
intervals.
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