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The excitation functions for quasielastic (QE) cross
sections were measured for the reactions relevant to
the synthesis of superheavy nuclei, the 48Ca+208Pb,
50Ti+208Pb, and 48Ca+248Cm systems. Owing to the
excellent performance of the gas-filled-type recoil ion
separator GARIS and the focal plane detector system,
the QE scattering events were effectively separated
from deep-inelastic (DI) events and precise barrier dis-
tributions were deduced for all of these systems.

Coupled-channels calculations1) were performed by
taking into account the couplings to the vibrational
and rotational excitations in the colliding nuclei, as
well as the neutron transfer processes before contact.
The experimental data are well reproduced by the cal-
culations, which demonstrates the importance of in-
cluding channel couplings in all of the systems. The
maxima of the barrier distribution were shown to co-
incide in energy with the peak of the 2n evaporation
residue cross sections2–5) in the reactions of 48Ca and
50Ti on 208Pb target. For the hot fusion reaction, the
evaporation residue cross sections6,7) peak at an en-
ergy well above the barrier region. This clearly sug-
gests that the evaporation residue cross sections are
enhanced at energies that correspond to a compact col-
lision geometry with the projectile impacting the side
of the deformed target nucleus.

From the results presented in this paper, we con-
clude that a measurement of the barrier distribution
provides a powerful tool for understanding the under-
lying reaction dynamics for an unknown very heavy
nuclei. In particular, it provides an effective way to de-
termine the optimal bombarding energy. Importantly,
this determination is independent of theoretical pre-
dictions that may include a large model dependence.
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Fig. 1. Measured excitation function for the QE scattering

cross section relative to the Rutherford cross section

dσQE/dσR (top panels). Left, middle, and right panels

are for the 48Ca+208Pb, 50Ti+208Pb, and 48Ca+248Cm

systems, respectively. The corresponding QE bar-

rier distribution (middle panels) and the evaporation

residue cross sections reported at different center-of-

mass energies from the syntheses of No, Rf, and Lv

evaporation residues2–7) (lower panels) are also shown.

Red symbols indicate the experimental data from this

work, for which the error bars include only the statis-

tical uncertainty. Green symbols indicate the experi-

mental data for mixed QE and DI events. These data

points provide an upper limit for dσQE/dσR. Blue solid

curves indicate the best fit of the coupled-channels cal-

culation. Blue dashed curves show the results of the

single-channel calculations with the same internuclear

potential as that used for the blue solid lines.
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Discovery of 72Rb: A nuclear sandbank beyond the proton drip line†
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We have discovered two new isotopes, 72Rb and 77Zr,
around the proton drip line by using the BigRIPS sep-
arator at the RIKEN RI Beam Factory. 73Rb, which is
an unbound nuclide, was not observed. The observa-
tion of 72Rb, which is an odd-odd nuclide and beyond
the unbound nuclide 73Rb, shows the diffuseness of the
proton drip line and a possibility of “sandbanks” be-
yond it.
Proton-rich radioactive isotopes (RI) with atomic

numbers Z = 35–40 were produced from a 345-
MeV/nucleon 30–35 pnA 124Xe52+ beam impinging on
a 4-mm-thick Be target by projectile fragmentation.
We performed the particle identification (PID) by de-
ducing Z and the mass-to-charge ratio, A/Q, of the
fragments based on the TOF-Bρ-∆E method1) using
the standard detectors in the second stage of the Bi-
gRIPS and F11IC.
The Z vs A/Q PID plot is shown in Fig. 1. One

event of 77Zr and 14 events of 72Rb were clearly ob-
served, while 73Rb was not observed. Assuming yield
systematics of the neighboring nuclei around 73Rb and
its TOF value, the upper limit of the half life was de-
duced to be 81 ns, which is consistent with the previous
result in Ref. 2). The half life of 72Rb was deduced to
be 103(22) ns.
The energies of the emitted protons, Ep, were es-
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Fig. 1. Z versus A/Q PID plot. The solid lines indicate

the limits of known isotopes as of September 2017.
73Rb was evaluated to be a known isotope.3) A proton-

unbound excited state was observed by a beta-delayed

proton decay of 73Sr.4)

timated from the half lives of these proton decays by
using the formalism of proton emission from deformed
nuclei in Refs. 5, 6). In the 72Rb case, a 5+ → 5/2−

proton decay with Ep = 800–900 keV was suggested,
assuming mirror symmetry in the spin-parity. How-
ever, we cannot explicitly exclude the possibility of a
transition of the 9+ → 9/2+ isomeric state with a bro-
ken mirror symmetry. The upper limit of the half life of
73Rb leads to Ep > 600 keV, assuming a 3/2− ground
state from the mirror nuclide. These Ep values agree
well with the values predicted from the atomic mass
evaluation.7,8)

We have estimated the contribution of 73Rb to the
two-proton bypass of 72Kr, which is a waiting point
in the rapid-proton process in an X-ray burst. From
Ep > 600 keV in 73Rb, no two-proton capture occurs,
implying that 72Kr is a strong waiting point in this
nucleosynthetic network.
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