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The measurement of new beta-delayed (multi) neu-
tron emission (βxn) properties for nuclei near doubly-
magic 78Ni has been performed in May 2017 at RIKEN.
Exotic nuclei produced with the 345 MeV/nucleon 238U
beam and 9Be target, were studied by means of Bi-
gRIPS and using the world-largest array of 3He counters
BRIKEN,1) a highly segmented array of Silicon detec-
tors AIDA2) and 2 Ge clovers. This hybrid setup has
nearly 70% efficiency for detecting one neutron hav-
ing up to 1 MeV and over 50% for 5 MeV energy.
The BigRIPS setting was maximized for the transmis-
sion of 84Zn. The isotopes between 74Co-78Co up to
97Kr-100Kr were produced and identified. This 3-day
run with 30 to 50 particle-nA beam intensity yielded
over 7000 78Ni ions implanted into AIDA (analysis
A. Tolosa-Delgado). The 77Cu test case resulted in
β1n branching ratio P1n = 29(1)% in a good agree-
ment with the known value of 30.3(22)%.3) The β1n
and β2n values for 86Ga decay4) known as 60(10)% and
20(10)%, respectively, were obtained more precisely as
59(3)% and 16(1)%, see Fig. 1. Over 20 new P1n values
have been measured. Predicted β2n decay mode5,6) has
been inspected in over 14 isotopes yielding for the first
time P2n values, e.g., for the activities of 84Zn, 87Ga,
89Ge, 90As and 91As. New half-lives (T1/2) have been
measured using selective time and space correlation be-
tween ion, beta, and neutron signals, see 87Ga decay
in Fig. 1. New data on the βxn branching ratios to-
gether with newly measured half-lives will be used to
verify and further develop beta decay modeling,7) in
particular modeling of the competition of the β1n/2n
decay modes. Large set of new Pxn and T1/2 values,
obtained near and beyond doubly-magic waiting point
nucleus 78Ni, will help to develop further the analysis
of heavy nuclei production within the astrophysical r-
process, occurring, e.g., at the merging neutron star en-
vironment.8) Preliminary data analysis was performed
by N. Brewer, B. Rasco and R. Yokoyama.

∗1 ORNL Physics Division Oak Ridge
∗2 Uni. Tennessee Knoxville
∗3 IFIC Valencia
∗4 RIKEN Nishina Center
∗5 UPC Barcelona
∗6 TRIUMF Vancouver
∗7 Uni. Edinburgh
∗8 CMU M. Pleasant
∗9 Uni. Notre Dame
∗10 NPL Teddington
∗11 Uni. Warsaw

Time (s) (20 ms bins)
1− 0.5− 0 0.5 1 1.5 2

C
ou

nt
s 

pe
r b

in

0

50

100

150

200

250

300

350

400

450

Fig. 1. (upper panel) Decay pattern of 1n (in black) and

2n (in red) events in coincidence with β-emission follow-

ing identified 86Ga ion implantation into AIDA; (lower

panel) decay pattern of β1n events in the decay of iden-

tified 87Ga ions in AIDA.
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Spallation reaction study of 136Xe on proton, deuteron and carbon
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Spallation reactions have been attracting consider-
able interest for their usefulness in the fundamental
research to produce unstable nuclei1) as well as in ap-
plications to transmute nuclear waste in accelerator-
driven systems (ADS).2) For these two purposes, it is
important to have a comprehensive understanding of
the spallation reaction mechanism both experimentally
and theoretically. 136Xe is a good candidate for both
the fields. For the fundamental research, fragmenta-
tion and/or spallation of 136Xe is well known to be
one of the power tools to access unstable nuclei. On
the other hand, 136Xe is a stable isotope neighboring
the long-lived fission product 137Cs, whose spallation
reaction has been studied recently for nuclear waste
transmutation.3) The experimental data of 136Xe will
be a good benchmark for the theoretical calculations of
137Cs. The comparison between the reaction of 136Xe
and 137Cs is critical for checking the validity of the
model calculation and clarifying the reaction mecha-
nism. Several experiments have been performed for
spallation reactions of 136Xe at reaction energies of
500 AMeV4) and 1000 AMeV.5) In the present work,
the proton-, deuteron-, and carbon-induced reactions
of 136Xe at 168 AMeV have been studied.
The experiment was performed using BigRIPS and

ZeroDegree spectrometer.The setup was the same as
the one for 137Cs.3) The average intensity of the 136Xe
beams was 2.6×103 particles per second.
The isotopic distributions of the cross sections ob-

tained in the present work are plotted in Fig. 1. In
general, the cross sections on carbon (σC) are simi-
lar to the ones on deuteron (σd). The Cs isotopes in
Fig. 1(a) are produced by charge-exchange reactions
(∆Z = +1). In this channel, both σC and σd are
smaller than the cross sections on proton (σp). This
behavior of the charge-exchange reaction is consistent
with the studies of 137Cs and 90Sr at 185 AMeV.3) For
the Xe isotopes, σd is similar to σp; both are larger
than σC. For the I and Te isotopes, σd and σC becomes
larger than σp, especially in the neutron-deficient side.
Such cross-section differences may be caused by the
deposited energy. Deuteron and carbon have more nu-
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cleons than proton leading to the deposition of a higher
energy relative to proton. This enables a large evapo-
ration of nucleons.
The EPAX6) calculations are plotted in Fig. 1, in

order to compare them with the experimental re-
sults. For both carbon and deuteron, EPAX calcula-
tions underestimate the cross sections, especially in the
neutron-deficient side for the Xe, I, and Te isotopes. In
the case of proton, EPAX was found to underestimate
the cross sections by for the Xe and I isotopes. For the
Te isotopes, EPAX overestimated the cross sections
in the neutron-deficient side. For the cross sections
on proton, the differences between the EPAX calcula-
tions and experimental results are similar to the ones
observed in the reactions of 137Cs.3)

Fig. 1. Isotopic distribution of the cross sections for prod-

ucts from cesium element to tellurium element pro-

duced in the reaction 136Xe + p(circle), 136Xe +

d(square), and 136Xe + C(triangle) at 168 AMeV.

EPAX calculations are displayed for comparison. The

error bar shows the statistical uncertainties.
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