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β decays of the heaviest N = Z − 1 nuclei and proton instability of 97In
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We report on new or more precise half-lives, β-decay endpoint energies, and β-delayed proton emission
branching ratios of 91Pd, 95Cd, 97In, and 99Sn. The measured values are consistent with known mirror transitions
in lighter Tz = −1/2 nuclei, shell-model calculations, and various mass models. In addition to the β-decaying
(9/2+) ground state, circumstantial evidence for a short-lived, proton-emitting isomer with spin (1/2−) was found
in 97In. Based on the experimental data, a semiempirical theory on proton emission, and shell-model calculations,
the proton separation energy of the 97In ground state was determined to be −0.10 ± 0.19 MeV. The existence of
the short-lived, proton-unstable (1/2−) isomer in 97In establishes 96Cd as an rp-process waiting point.
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The heaviest N = Z doubly magic 100Sn and atomic nuclei
in its vicinity have been actively investigated both theoretically
and experimentally [1], because several important topics in
nuclear structure and astrophysics converge in this region of
the chart of nuclides. Significant efforts have been made to
address questions concerning the robustness of the N = Z =
50 shells and evolution of single-particle energies [2–8], the
effect of proton-neutron (pn) isoscalar/isovector interactions
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in heavy N ∼ Z nuclei [9,10], and the location of the proton
drip line. The most notable results were reported along the
N = Z line [11–13], where the production rates of such exotic
radioactive isotopes were at the lowest allowed limit. Many of
the N ∼ Z nuclei are also relevant for the rapid proton capture
(rp) process [14] of nucleosynthesis. Their decay properties
have been reported in several works in this context [15–18] to
determine more precisely the contribution of the rp-process to
the observed elemental abundance in the solar system and the
galaxy.

The first experimental results on the heaviest N = Z − 1
nuclei have emerged in recent years. The even-Z nuclei 91Pd,
95Cd, and 99Sn have been found to be stable against proton
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TABLE I. Implantation counts, parent β-decay correlation fractions, random background correlation rates, β-decay T1/2, QEC , log f t , and
bβp values of 91Pd, 95Cd, 97In, and 99Sn. Theoretical T1/2 values for 91Pd, 95Cd, and 99Sn are taken from Ref. [35]. An isomeric state in 97In is
hypothesized to emit a proton and become 96Cd, whose decay correlation fraction and the half-life range are listed separately.

Nucleus Implantation Correlation Background rate T
expt

1/2 T lit
1/2 T theo

1/2 QEC log f t bβp

counts (%) (Hz/nucleus) (ms) (ms) (ms) (MeV) (%)

91Pd 390 70(4) 0.35(2) 32(3) >1.5 μs [19] 44.5 11.8(22) 3.4(5) 3.0+1.1
−0.9

95Cd 476 68(3) 0.41(2) 32(3) 29(8) [23] 31.7 10.2(17) 3.1(5) 4.5+1.2
−1.0

73+53
−28 [20]

97In 278 50(4) 0.31(2) 36(6) 26+47
−10 [20]

97In/97mIn 35(3)/29(2) 0.31(2) 28(5) 1.3–230 μs 10.0(30) 3.0(9) 1.7+1.7
−0.8

99Sn 77 62(6) 0.32(3) 24(4) >200 ns [20] 20.6 14.7(36) 3.8(7) 3.9+3.4
−1.7

emission [19,20], through which noticeable reaction flows
occur in type-I x-ray bursts and steady-state burning processes
[21]. On the other hand, the odd-Z species 89Rh and 93Ag have
been shown to be proton unbound [22]. 97In is an interesting
case, since its experimental half-life of 26+47

−10 ms [20] is similar
to T1/2 = 29(8) ms of 95Cd [23]. If proton emission from 97In
is hindered, then the assumption of 96Cd as a waiting-point
nucleus in the rp-process must be scrutinized. One possible
implication of a proton-stable 97In is the reduction in the
population of A = 96 isobars, which reduces the contribution
from x-ray bursts to the production of 96Ru found in large
quantities in the solar system [24].

This Rapid Communication reports on β-decay T1/2, Qβ ,
and bβp measurements of 91Pd, 95Cd, 97In, and 99Sn, enabling a
quantitative description of their roles in the rp-process and tests
of the mass and shell-model theories at the proton drip line.
The nuclei of interest were produced via fragmentation of a
345-MeV/u 124Xe primary radioactive-isotope (RI) beam on
a 740-mg/cm2 9Be target at the RIKEN RI Beam Factory.
Isotopes of similar mass-over-charge ratios A/q and atomic
number Z were separated at the first stage of the RIKEN pro-
jectile fragment separator (BigRIPS) by a Bρ-�E-Bρ method
with a 3-mm Al wedge degrader, dipole magnets, and slits at the
dispersive foci. The filtered beam was identified on an event-
by-event basis by Bρ-TOF-�E measurements at the later
stages of BigRIPS and the ZeroDegree spectrometer [25,26]
using position-sensitive parallel-plate avalanche counters [27],
plastic scintillators, and a gas-filled ionization chamber [28].
The particle identification plot obtained in this experiment
is shown in Fig. 1 of Ref. [22]. The flight time through the
separation and identification systems was calculated for each
species in its rest frame with LISE++ [29], which ranged from
600 to 630 ns depending on A and Z.

Ion implantation and particle decay measurements took
place in the wide-range active silicon strip stopper array for
β and ion detection (WAS3ABi) [30]. The nuclei were im-
planted in one of the three double-sided silicon strip detectors
(DSSSDs) of WAS3ABi, each with 1-mm thickness. Each
DSSSD was segmented into 60 × 40 1-mm strips in x and
y directions, respectively. For every ion implantation event,
its implantation pixel position was determined by evaluating
the x-side strip with the minimum time-to-digital converter
(TDC) time and the y-side strip with the maximum energy

deposit. In the offline analysis, noise events of WAS3ABi were
suppressed by setting a minimum energy threshold of 100 keV
per strip. Ten single-sided segmented strip detectors (SSSSDs)
were placed farther downstream for Qβ measurements. Events
accompanying proton emission were separated from positron
events by requiring a minimum of 1500 keV energy deposited
in a single pixel of a DSSSD as described in Ref. [31].

Decay events were correlated to a previously implanted ion
if an energy above 100 keV was registered within one-pixel
distance of the implantation position in the same DSSSD.
The time correlation window was set to 5 s before and after
ion implantation, where the t < 0 time events were used
to determine the random background correlation rate in the
half-life analysis. A maximum likelihood method (MLH) on
unbinned data was used to determine the half-life of each nu-
cleus, where the fit function contained the parent, β-daughter,
and βp-daughter decay components with half-lives and bβp

values listed in Ref. [32] and a constant background for
random correlations. Only two generations of isotopes were
considered in the Bateman equation, as the half-lives of the
granddaughter species were comparable or greater than the
5-s MLH evaluation range. Electron capture branching ratios
were negligible for the parent nuclei. For 97In the β-daughter
component was based on the (9/2+) ground-state half-life of
1.10(8) s for 97Cd [16]. The Qβ values were determined also by
the MLH method on the total positron energy spectrum, where
the probability density function was derived from GEANT4
simulations of positrons inside WAS3ABi at various trial Qβ

inputs [33,34]. For the Qβ analysis, only the correlation events
between 0 to 150 ms were analyzed to maximize the parent-
decay component. Qβ spectra with t < 0 ms and t > 500 ms
were used to determine background contributions from random
correlations and daughter decays.

Figure 1 shows the β-decay time distributions and positron
energy spectra, as well as the extracted half-life and Qβ values
of 91Pd, 95Cd, 97In, and 99Sn. The T1/2 values are either new or
more precise than literature values (see Fig. 2), and they agree
well with the predictions given in Ref. [35]. The half-lives and
large Qβ values of these Tz = −1/2 nuclei are consistent with
the hypothesis of mixed ground-state to ground-state Fermi and
Gamow-Teller decays of T ′

z = −Tz mirror nuclei, where the
isobaric analog states are easily accessible due to the large β-
decay energy window. With this assumption the binding energy
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FIG. 1. Top row: β-decay time distributions and half-lives of 91Pd, 95Cd, 97In, and 99Sn. The full fit function (red solid line) is composed
of the parent decay (solid black), β-decay daughter (long dashed blue), and background (short dashed magenta) components. A fraction of
97In is postulated to be populated in an isomeric state undergoing proton emission within the 600-μs dead time of WAS3ABi, and its decay
component is drawn as a green dashed line. Bottom row: experimental positron energy distributions of the four nuclei compared with simulated
Qβ probability density functions (red line) containing the parent decay (solid black) and β-decay daughter (blue dashed line) components.

difference QEC between the parent and the daughter nucleus
was calculated as QEC = Qβ + 2me. In addition, βp emission
branching ratios bβp were determined for the first time based on
the number of single-pixel events with �E > 1500 keV. The
small bβp values are consistent with the current type-I x-ray
burst rp-process reaction flow calculations which involve 91Pd,
95Cd, and 99Sn with negligible bβp [36]. Aside from the βp
events, all of the remaining β-decay branch was assumed to
populate the ground states of the daughter nuclei for log f t
calculations. The results are given in Table I, where the log f t
values are consistent with other decays of Tz = −1/2 nuclei
[37]. No β-delayed γ -ray transitions were observed in 91Pd,
95Cd, and 99Sn.

The decay properties the four nuclei are summarized in
Table I. The initial analysis of the decay curve fit yielded a
β-decay correlation percentage of 50(4)% for 97In, much lower
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FIG. 2. Experimental half-lives of Tz = −1/2 nuclei for 40 <

Z � 50. Values obtained outside of this work are taken from
Refs. [19,20,22,23,38,39].

than the expected value of 66(4)% from a linear interpolation
of the values obtained from 91Pd, 95Cd, and 99Sn. These
percentages were determined by dividing the integral of the
parent β-decay fit components by the number of implanted
ions which have not decayed by βp events. Regarding 97In,
we propose the existence of an isomeric state 97mIn which
has decayed within the 600-μs dead time of WAS3ABi after
implantation. Based on the discovery of the odd-Z proton
emitters 89Rh and 93Ag [22], 97mIn was assumed to decay
into 96Cd by 1p emission. Therefore an additional β-decay
component of 96Cd [T1/2 = 0.93(6) s from weighted average of
Refs. [10,15,20,23], green dashed line in Fig. 1] was included
in the half-life analysis of 97In. With this alternative hypothesis
the combined β-decay correlation was 64(4)%, consistent with
the expected value. The bβp value for 97In in Table I is attributed
to its ground state. Taking the 2σ -low value as the initial sample
size, the upper limit on the half-life of 97mIn was derived by
solving the exponential decay equation with an elapsed time
of 600 μs; the final sample size was assumed to be 3.57, which
is the 2σ upper limit of zero observations in Poisson statistics
[40]. The resultant upper limit was 230 μs. The lower limit on
the half-life of the isomer was calculated by assuming a 2σ
reduction of 97mIn counts during the 600-ns flight through the
separator, which yielded 1.3 μs. The T1/2 limits of the isomer
are shown in Fig. 2.

The existence of the two states in 97In was investigated
with a semiempirical theory of proton emission [41], which
relates the partial T1/2 of a state to its emitted proton energy
Qp and the angular momentum l. Below the Z = 50 shell, an
unpaired proton may be emitted from either the p1/2 orbital
(l = 1) or the g9/2 orbital (l = 4), corresponding to the 1/2−
and 9/2+ states. The proton-emitting state in 97In is likely
to be 1/2− due to its lower centrifugal barrier and higher
energy relative to the 9/2+ state. The energy of the 97In 1/2−
state was calculated with multiple sets of shell-model (SM)
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FIG. 3. γ -ray spectrum following β decays between 0 and 3 s
after 97In implantation. Decay events preceding the implantation of
the isotope were used for background subtraction. The peak at 421 keV
is known to originate from the β decay of 96Cd to 96Ag [10,23], where
the presence of 96Cd can be explained by the proton emission from
97mIn. The inset shows the β-decay time distribution gated by the
421-keV peak, and the corresponding half-life which is consistent
with the T1/2 of 96Cd.

parameters in the πν(p1/2,g9/2) model space: interactions
derived with isospin-asymmetric fits by Gross-Frenkel (GF)
[3], and isospin-symmetric interactions by Serduke, Lawson
and Gloeckner (SLGT0) [2]. The latter was used to predict the
half-lives and binding energies of these nuclei [35]. In addition,
the “r3g” interaction [42,43] in the πν(f5/2,p,g9/2) model
space has been used frequently to calculate the properties
of N ∼ Z nuclei with a proper mass scaling between 56Ni
and 100Sn. GF and SLGT0 calculations report E(1/2−) −
E(9/2+) = 783 and 568 keV, respectively, while the r3g
interaction predicts the corresponding excitation energy of 473
keV. The average value of 0.61(18) MeV is consistent with
all of the experimentally known 1/2− state energies of odd-
mass 103−111In [44–48]. Therefore we propose a Jπ = (1/2−)
assignment to the proton-emitting state and the Jπ = (9/2+)
assignment to the β-decaying state. The isomeric ratio of 97mIn
was 44(3)%, based on the correlated β-decay ratio of 96Cd
to 97In. This value is within a theoretical range of 20–50%
calculated from the sharp cutoff model in conjunction with the
abrasion-ablation model [49,50], which was used to reproduce
some of the experimental isomeric ratios in this region [51].

In the β-delayed γ -ray energy spectrum following 97In
implantations shown in Fig. 3, a clear peak with 9(4) counts at
421 keV is visible. This line corresponds to the (1+) → (2+)
transition energy in 96Ag following the β decay of the ground
state of 96Cd [10,23]. The β-decay half-life associated with
this γ ray was 1.7(7) s, consistent with the T1/2 of 96Cd
mentioned earlier in the text. Based on the detection efficiency
of EURICA, ≈100% β-decay branch of 96Cd yielding the
421-keV γ ray and the overall β-decay correlation efficiency of
64(4)% for 97In, the intensity of the 421-keV peak was 122+74

−52.
This value agrees with the number of 97In ions implanted in
WAS3ABi, scaled by the 44(3)% isomeric ratio. These results
provide strong evidence for a proton-emitting 97mIn.

−

−

−

−

−

μ

μ

FIG. 4. Left: T theo
1/2 as a function of emitted proton energy Qp

and angular momentum l, with derivations given in Ref. [41]. Right:
experimental Sp value of the ground state of 97In and isotopic Sp trends
of neighboring In isotopes from different mass models [35,53–57].

Based on the nonobservation of proton events within the
150-ms decay correlation window, a theoretical partial half-life
T theo

1/2 > 600 ms was determined for 1p emission from the
(9/2+) state. Following the derivations outlined in Ref. [41],
the theoretical half-lives were converted to Qp values (see
the left plot of Fig. 4). The half-life limits on the (1/2−)
isomer corresponded to a Qp value ranging between 0.64
and 0.78 MeV, while the lower half-life limit on the (9/2+)
ground state resulted in Qp < 0.63 MeV. The Qp values could
also be obtained from WKB estimates [52], which differ by
approximately 0.03 MeV. The smaller Qp value of the (9/2+)
state compared to that of the (1/2−) isomer is consistent with
the energy ordering of the two states predicted by the SM.

The excitation energy of the (1/2−) isomer was combined
with the isomer’s Qp value to estimate the ground state’s
Sp, which yielded Sp(9/2+) = −0.10(19) MeV. This result
is plotted on the right-side plot of Fig. 4, which includes
an extrapolated value from the Atomic Mass Evaluations
2016 (AME) [53] and theoretical mass calculations for the
neighboring In isotopes: by Duflo and Zuker (DZ) [54]; from a
finite-range droplet model (FRDM) [55]; by Herndl and Brown
(HB) [35]; by the Hartree-Fock-Bogoliubov (HFB) model
[56]; and by Koura, Tachibana, Uno, and Yamada (KTUY)
[57]. A larger discrepancy among different models is seen
at A � 97. The Sp value agrees well with FRDM and HFB
calculations, which suggest the ground state of 97In to be nearly
stable against proton emission. On the other hand, AME’s mass
extrapolations and predictions by DZ, HB, and KTUY mass
models converge near Sp ≈ −1.1 MeV which would lead to
1p emission with a partial half-life of ∼200 ns, similar to
93Ag [22]. The experimental observation of a β-decay branch
refutes this low Sp for 97In. Both HFB and FRDM predict
more binding in odd-Z isotopes compared to the other models
and reflect stronger shell-closure and pn-pairing effects toward
100Sn. Specifically, the experimental Sp values of 89Rh, 93Ag,
and 97In best agree with the HFB.

The identification of a proton-unbound (1/2−) isomer in
97In supports the designation of 96Cd as a waiting-point nucleus
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of the rp-process path. Despite the existence of the β-decaying
ground state in 97In with a larger spectroscopic factor, proton
capture by 96Cd would likely populate the (1/2−) isomer
as the Coulomb barrier penetration rate is proportional to
e−l(l+1). Thus the rp-process reaction flow through 97In will
be minimal.

In conclusion, the heaviest bound N = Z − 1 nuclei 91Pd,
95Cd, 97In, and 99Sn were produced and their β-decay proper-
ties were studied at the RIKEN Nishina Center. New and more
precise half-life and β-decay endpoint measurements of these
nuclei were consistent with the mixed Fermi/Gamow-Teller
decays of lighter Tz = −1/2 nuclei. The measured values are
also consistent with various mass- and shell-model predictions
assuming robust N = Z = 50 shell closures in 100Sn. In 97In,
we report a proton-unbound isomer with spin (1/2−) and
1.3 < T

expt
1/2 (μs) < 230 with a signature of the 421-keV γ

ray from the β decay of the proton daughter 96Cd. The proton
separation energy of the ground state of 97In was determined
from the combination of experimental half-life analysis, a
semiempirical theory on proton emission, and shell-model
calculations. The resulting Sp value of −0.10(19) MeV is
much larger than that of 89Rh and 93Ag, explaining the
apparent proton stability of 97In. Despite the proton stability
of the (9/2+) ground state of 97In, the proton instability

of the (1/2−) establishes 96Cd as the rp-process waiting
point.

The authors thank the personnel at the RIKEN Nishina
Center for providing the exotic radioactive isotope beam
with record intensities. This experiment was performed at
RI Beam Factory operated by RIKEN Nishina Center and
CNS, University of Tokyo. We acknowledge the EUROBALL
Owners Committee for loaning the germanium detectors and
the PreSpec Collaboration for the readout electronics of the
cluster detectors of EURICA. Support for theWAS3ABi setup
was provided by the Rare Isotope Science Project, funded by
the Ministry of Education, Science and Technology (MEST)
and National Research Foundation (NRF) of Korea, as well
as KAKENHI (Grant No. 25247045) of the Japan Society for
the Promotion of Science (JSPS). The authors acknowledge
the support of the DFG cluster of excellence “Origin and
Structure of the Universe,” German BMBF under Contract
No. 05P15PKFNA and the Spanish Ministerio de Economa
y Competitividad via Project No. FPA2014-57196-C5-4-P.
Part of the research was funded by the Natural Sciences and
Engineering Research Council (NSERC) of Canada and also
supported by FJ-NSP (French-Japanese International Associ-
ated Laboratory for Nuclear Structure Problems).

[1] T. Faestermann, M. Górska, and H. Grawe, Prog. Part. Nucl.
Phys. 69, 85 (2013).

[2] F. J. D. Serduke, R. D. Lawson, and D. H. Gloeckner, Nucl.
Phys. A 256, 45 (1976).

[3] R. Gross and A. Frenkel, Nucl. Phys. A 267, 85 (1976).
[4] K. Muto, T. Shimano, and H. Horie, Phys. Lett. B 135, 349

(1984).
[5] H. Grawe, R. Schubart, K. H. Maier, and D. Seweryniak, Phys.

Scr. T56, 71 (1995).
[6] B. A. Brown and K. Rykaczewski, Phys. Rev. C 50, R2270(R)

(1994).
[7] A. Hosaka, K. I. Kubo, and H. Toki, Nucl. Phys. A 444, 76

(1985).
[8] L. D. Skouras and C. Dedes, Phys. Rev. C 15, 1873 (1977).
[9] K. Ogawa, Phys. Rev. C 28, 958(R) (1983).

[10] B. S. Nara Singh et al., Phys. Rev. Lett. 107, 172502
(2011).

[11] C. B. Hinke et al., Nature 486, 341 (2012).
[12] I. Mukha et al., Nature 439, 298 (2006).
[13] B. Cederwall et al., Nature 469, 68 (2011).
[14] R. K. Wallace and S. E. Woosley, Astrophys. J. Suppl. 45, 389

(1981).
[15] D. Bazin, F. Montes, A. Becerril, G. Lorusso, A. Amthor, T.

Baumann, H. Crawford, A. Estrade, A. Gade, T. Ginter, C. J.
Guess, M. Hausmann, G. W. Hitt, P. Mantica, M. Matos, R.
Meharchand, K. Minamisono, G. Perdikakis, J. Pereira, J. Pinter,
M. Portillo, H. Schatz, K. Smith, J. Stoker, A. Stolz, and R. G.
T. Zegers, Phys. Rev. Lett. 101, 252501 (2008).

[16] G. Lorusso et al., Phys. Lett. B 699, 141 (2011).
[17] C. Mazzocchi, R. Grzywacz, S. N. Liddick, K. P. Rykaczewski,

H. Schatz, J. C. Batchelder, C. R. Bingham, C. J. Gross, J. H.
Hamilton, J. K. Hwang, S. Ilyushkin, A. Korgul, W. Królas, K.

Li, R. D. Page, D. Simpson, and J. A. Winger, Phys. Rev. Lett.
98, 212501 (2007).

[18] V.-V. Elomaa, G. K. Vorobjev, A. Kankainen, L. Batist, S.
Eliseev, T. Eronen, J. Hakala, A. Jokinen, I. D. Moore, Yu. N.
Novikov, H. Penttilä, A. Popov, S. Rahaman, J. Rissanen, A.
Saastamoinen, H. Schatz, D. M. Seliverstov, C. Weber, and J.
Äystö, Phys. Rev. Lett. 102, 252501 (2009).

[19] K. Rykaczewski, R. Anne, G. Auger, D. Bazin, C. Borcea, V.
Borrel, J. M. Corre, T. Dörfler, A. Fomichov, R. Grzywacz, D.
Guillemaud-Mueller, R. Hue, M. Huyse, Z. Janas, H. Keller, M.
Lewitowicz, S. Lukyanov, A. C. Mueller, Y. Penionzhkevich,
M. Pfützner, F. Pougheon, M. G. Saint-Laurent, K. Schmidt,
W. D. Schmidt-Ott, O. Sorlin, J. Szerypo, O. Tarasov, J. Wauters,
and J. Żylic, Phys. Rev. C 52, R2310(R) (1995).

[20] K. Straub et al., GSI Scientific Report 2010, p. 151 (unpub-
lished).

[21] H. Schatz, A. Aprahamian, V. Barnard, L. Bildsten, A. Cum-
ming, M. Ouellette, T. Rauscher, F.-K. Thielemann, and M.
Wiescher, Phys. Rev. Lett. 86, 3471 (2001).

[22] I. Čeliković et al., Phys. Rev. Lett. 116, 162501 (2016).
[23] P. J. Davies et al., Phys. Lett. B 767, 474 (2017).
[24] N. N. Weinberg, L. Bildsten, and H. Schatz, Astrophys. J. 639,

1018 (2006).
[25] N. Fukuda, T. Kubo, T. Ohnishi, N. Inabe, H. Takeda, D.

Kameda, and H. Suzuki, Nucl. Instrum. Methods Phys. Res.,
Sect. B 317, 323 (2013).

[26] T. Kubo et al., Prog. Theor. Exp. Phys. 2012, 03C003 (2012).
[27] H. Kumagai, A. Ozawa, N. Fukuda, K. Sümmerer, and I.

Tanihata, Nucl. Instrum. Methods Phys. Res., Sect. A 470, 562
(2001).

[28] K. Kimura et al., Nucl. Instrum. Methods Phys. Res., Sect. A
538, 608 (2005).

051301-5

https://doi.org/10.1016/j.ppnp.2012.10.002
https://doi.org/10.1016/j.ppnp.2012.10.002
https://doi.org/10.1016/j.ppnp.2012.10.002
https://doi.org/10.1016/j.ppnp.2012.10.002
https://doi.org/10.1016/0375-9474(76)90094-4
https://doi.org/10.1016/0375-9474(76)90094-4
https://doi.org/10.1016/0375-9474(76)90094-4
https://doi.org/10.1016/0375-9474(76)90094-4
https://doi.org/10.1016/0375-9474(76)90645-X
https://doi.org/10.1016/0375-9474(76)90645-X
https://doi.org/10.1016/0375-9474(76)90645-X
https://doi.org/10.1016/0375-9474(76)90645-X
https://doi.org/10.1016/0370-2693(84)90291-0
https://doi.org/10.1016/0370-2693(84)90291-0
https://doi.org/10.1016/0370-2693(84)90291-0
https://doi.org/10.1016/0370-2693(84)90291-0
https://doi.org/10.1088/0031-8949/1995/T56/011
https://doi.org/10.1088/0031-8949/1995/T56/011
https://doi.org/10.1088/0031-8949/1995/T56/011
https://doi.org/10.1088/0031-8949/1995/T56/011
https://doi.org/10.1103/PhysRevC.50.R2270
https://doi.org/10.1103/PhysRevC.50.R2270
https://doi.org/10.1103/PhysRevC.50.R2270
https://doi.org/10.1103/PhysRevC.50.R2270
https://doi.org/10.1016/0375-9474(85)90292-1
https://doi.org/10.1016/0375-9474(85)90292-1
https://doi.org/10.1016/0375-9474(85)90292-1
https://doi.org/10.1016/0375-9474(85)90292-1
https://doi.org/10.1103/PhysRevC.15.1873
https://doi.org/10.1103/PhysRevC.15.1873
https://doi.org/10.1103/PhysRevC.15.1873
https://doi.org/10.1103/PhysRevC.15.1873
https://doi.org/10.1103/PhysRevC.28.958
https://doi.org/10.1103/PhysRevC.28.958
https://doi.org/10.1103/PhysRevC.28.958
https://doi.org/10.1103/PhysRevC.28.958
https://doi.org/10.1103/PhysRevLett.107.172502
https://doi.org/10.1103/PhysRevLett.107.172502
https://doi.org/10.1103/PhysRevLett.107.172502
https://doi.org/10.1103/PhysRevLett.107.172502
https://doi.org/10.1038/nature11116
https://doi.org/10.1038/nature11116
https://doi.org/10.1038/nature11116
https://doi.org/10.1038/nature11116
https://doi.org/10.1038/nature04453
https://doi.org/10.1038/nature04453
https://doi.org/10.1038/nature04453
https://doi.org/10.1038/nature04453
https://doi.org/10.1038/nature09644
https://doi.org/10.1038/nature09644
https://doi.org/10.1038/nature09644
https://doi.org/10.1038/nature09644
https://doi.org/10.1086/190717
https://doi.org/10.1086/190717
https://doi.org/10.1086/190717
https://doi.org/10.1086/190717
https://doi.org/10.1103/PhysRevLett.101.252501
https://doi.org/10.1103/PhysRevLett.101.252501
https://doi.org/10.1103/PhysRevLett.101.252501
https://doi.org/10.1103/PhysRevLett.101.252501
https://doi.org/10.1016/j.physletb.2011.03.043
https://doi.org/10.1016/j.physletb.2011.03.043
https://doi.org/10.1016/j.physletb.2011.03.043
https://doi.org/10.1016/j.physletb.2011.03.043
https://doi.org/10.1103/PhysRevLett.98.212501
https://doi.org/10.1103/PhysRevLett.98.212501
https://doi.org/10.1103/PhysRevLett.98.212501
https://doi.org/10.1103/PhysRevLett.98.212501
https://doi.org/10.1103/PhysRevLett.102.252501
https://doi.org/10.1103/PhysRevLett.102.252501
https://doi.org/10.1103/PhysRevLett.102.252501
https://doi.org/10.1103/PhysRevLett.102.252501
https://doi.org/10.1103/PhysRevC.52.R2310
https://doi.org/10.1103/PhysRevC.52.R2310
https://doi.org/10.1103/PhysRevC.52.R2310
https://doi.org/10.1103/PhysRevC.52.R2310
https://doi.org/10.1103/PhysRevLett.86.3471
https://doi.org/10.1103/PhysRevLett.86.3471
https://doi.org/10.1103/PhysRevLett.86.3471
https://doi.org/10.1103/PhysRevLett.86.3471
https://doi.org/10.1103/PhysRevLett.116.162501
https://doi.org/10.1103/PhysRevLett.116.162501
https://doi.org/10.1103/PhysRevLett.116.162501
https://doi.org/10.1103/PhysRevLett.116.162501
https://doi.org/10.1016/j.physletb.2017.02.013
https://doi.org/10.1016/j.physletb.2017.02.013
https://doi.org/10.1016/j.physletb.2017.02.013
https://doi.org/10.1016/j.physletb.2017.02.013
https://doi.org/10.1086/499426
https://doi.org/10.1086/499426
https://doi.org/10.1086/499426
https://doi.org/10.1086/499426
https://doi.org/10.1016/j.nimb.2013.08.048
https://doi.org/10.1016/j.nimb.2013.08.048
https://doi.org/10.1016/j.nimb.2013.08.048
https://doi.org/10.1016/j.nimb.2013.08.048
https://doi.org/10.1093/ptep/pts064
https://doi.org/10.1093/ptep/pts064
https://doi.org/10.1093/ptep/pts064
https://doi.org/10.1093/ptep/pts064
https://doi.org/10.1016/S0168-9002(01)00804-X
https://doi.org/10.1016/S0168-9002(01)00804-X
https://doi.org/10.1016/S0168-9002(01)00804-X
https://doi.org/10.1016/S0168-9002(01)00804-X
https://doi.org/10.1016/j.nima.2004.08.100
https://doi.org/10.1016/j.nima.2004.08.100
https://doi.org/10.1016/j.nima.2004.08.100
https://doi.org/10.1016/j.nima.2004.08.100


J. PARK et al. PHYSICAL REVIEW C 97, 051301(R) (2018)

[29] O. B. Tarasov and D. Bazin, Nucl. Instrum. Methods Phys. Res.,
Sect. B 266, 4657 (2008).

[30] S. Nishimura, Prog. Theor. Exp. Phys. 2012, 03C006 (2012).
[31] G. Lorusso, A. Becerril, A. Amthor, T. Baumann, D. Bazin,

J. S. Berryman, B. A. Brown, R. H. Cyburt, H. L. Crawford,
A. Estrade, A. Gade, T. Ginter, C. J. Guess, M. Hausmann, G. W.
Hitt, P. F. Mantica, M. Matos, R. Meharchand, K. Minamisono,
F. Montes, G. Perdikakis, J. Pereira, M. Portillo, H. Schatz, K.
Smith, J. Stoker, A. Stolz, and R. G. T. Zegers, Phys. Rev. C 86,
014313 (2012).

[32] G. Audi, F. G. Kondev, M. Wang, W. J. Huang, and S. Naimi,
Chin. Phys. C 41, 030001 (2017).

[33] N. Warr, A. Blazhev, and K. Moschner, EPJ Web Conf. 93, 07008
(2015).

[34] K. Moschner, EPJ Web Conf. 93, 01024 (2015).
[35] H. Herndl and B. A. Brown, Nucl. Phys. A 627, 35 (1997).
[36] H. Schatz et al., Phys. Rep. 294, 167 (1998).
[37] O. Naviliat-Cuncic and N. Severijns, Phys. Rev. Lett. 102,

142302 (2009).
[38] H. Suzuki et al., Nucl. Instrum. Methods Phys. Res., Sect. B 317,

756 (2013).
[39] P. Kienle et al., Prog. Part. Nucl. Phys. 46, 73 (2001).
[40] K.-H. Schmidt, C.-C. Sahm, K. Pielenz, and H.-G. Clerc,

Z. Phys. A 316, 19 (1984).
[41] D. S. Delion, R. J. Liotta, and R. Wyss, Phys. Rep. 424, 113

(2006).

[42] M. Honma, T. Otsuka, T. Mizusaki, and M. Hjorth-Jensen, Phys.
Rev. C 80, 064323 (2009).

[43] A. P. Zuker, A. Poves, F. Nowacki, and S. M. Lenzi, Phys. Rev.
C 92, 024320 (2015).

[44] D. De Frenne, Nucl. Data Sheets 110, 2081 (2009).
[45] D. De Frenne and E. Jacobs, Nucl. Data Sheets 105, 775 (2005).
[46] J. Blachot, Nucl. Data Sheets 109, 1383 (2008).
[47] S. Kumar, J. Chen, and F. G. Kondev, Nucl. Data Sheets 137, 1

(2016).
[48] J. Blachot, Nucl. Data Sheets 110, 1239 (2009).
[49] J.-J. Gaimard and K.-H. Schmidt, Nucl. Phys. A 531, 709 (1991).
[50] M. de Jong, A. V. Ignatuyk, and K.-H. Schmidt, Nucl. Phys. A

613, 435 (1997).
[51] J. Park et al., Phys. Rev. C 96, 044311 (2017).
[52] A. Gillitzer, T. Faestermann, K. Hartel, P. Kienle, and E. Nolte,

Z. Phys. A 326, 107 (1987).
[53] M. Wang, G. Audi, F. G. Kondev, W. J. Huang, S. Naimi, and

X. Xu, Chin. Phys. C 41, 030003 (2017).
[54] J. Duflo and A. P. Zuker, Phys. Rev. C 52, R23

(1995).
[55] P. Moller, J. R. Nix, and W. J. Swiatecki, At. Data Nucl. Data

Tables 59, 185 (1995).
[56] S. Goriely, N. Chamel, and J. M. Pearson, Phys. Rev. C 88,

061302(R) (2013).
[57] H. Koura, T. Tachibana, M. Uno, and M. Yamada, Prog. Theor.

Phys. 113, 305 (2005).

051301-6

https://doi.org/10.1016/j.nimb.2008.05.110
https://doi.org/10.1016/j.nimb.2008.05.110
https://doi.org/10.1016/j.nimb.2008.05.110
https://doi.org/10.1016/j.nimb.2008.05.110
https://doi.org/10.1093/ptep/pts078
https://doi.org/10.1093/ptep/pts078
https://doi.org/10.1093/ptep/pts078
https://doi.org/10.1093/ptep/pts078
https://doi.org/10.1103/PhysRevC.86.014313
https://doi.org/10.1103/PhysRevC.86.014313
https://doi.org/10.1103/PhysRevC.86.014313
https://doi.org/10.1103/PhysRevC.86.014313
https://doi.org/10.1088/1674-1137/41/3/030001
https://doi.org/10.1088/1674-1137/41/3/030001
https://doi.org/10.1088/1674-1137/41/3/030001
https://doi.org/10.1088/1674-1137/41/3/030001
https://doi.org/10.1051/epjconf/20159307008
https://doi.org/10.1051/epjconf/20159307008
https://doi.org/10.1051/epjconf/20159307008
https://doi.org/10.1051/epjconf/20159307008
https://doi.org/10.1051/epjconf/20159301024
https://doi.org/10.1051/epjconf/20159301024
https://doi.org/10.1051/epjconf/20159301024
https://doi.org/10.1051/epjconf/20159301024
https://doi.org/10.1016/S0375-9474(97)00407-7
https://doi.org/10.1016/S0375-9474(97)00407-7
https://doi.org/10.1016/S0375-9474(97)00407-7
https://doi.org/10.1016/S0375-9474(97)00407-7
https://doi.org/10.1016/S0370-1573(97)00048-3
https://doi.org/10.1016/S0370-1573(97)00048-3
https://doi.org/10.1016/S0370-1573(97)00048-3
https://doi.org/10.1016/S0370-1573(97)00048-3
https://doi.org/10.1103/PhysRevLett.102.142302
https://doi.org/10.1103/PhysRevLett.102.142302
https://doi.org/10.1103/PhysRevLett.102.142302
https://doi.org/10.1103/PhysRevLett.102.142302
https://doi.org/10.1016/j.nimb.2013.08.049
https://doi.org/10.1016/j.nimb.2013.08.049
https://doi.org/10.1016/j.nimb.2013.08.049
https://doi.org/10.1016/j.nimb.2013.08.049
https://doi.org/10.1016/S0146-6410(01)00109-0
https://doi.org/10.1016/S0146-6410(01)00109-0
https://doi.org/10.1016/S0146-6410(01)00109-0
https://doi.org/10.1016/S0146-6410(01)00109-0
https://doi.org/10.1007/BF01415656
https://doi.org/10.1007/BF01415656
https://doi.org/10.1007/BF01415656
https://doi.org/10.1007/BF01415656
https://doi.org/10.1016/j.physrep.2005.11.001
https://doi.org/10.1016/j.physrep.2005.11.001
https://doi.org/10.1016/j.physrep.2005.11.001
https://doi.org/10.1016/j.physrep.2005.11.001
https://doi.org/10.1103/PhysRevC.80.064323
https://doi.org/10.1103/PhysRevC.80.064323
https://doi.org/10.1103/PhysRevC.80.064323
https://doi.org/10.1103/PhysRevC.80.064323
https://doi.org/10.1103/PhysRevC.92.024320
https://doi.org/10.1103/PhysRevC.92.024320
https://doi.org/10.1103/PhysRevC.92.024320
https://doi.org/10.1103/PhysRevC.92.024320
https://doi.org/10.1016/j.nds.2009.08.002
https://doi.org/10.1016/j.nds.2009.08.002
https://doi.org/10.1016/j.nds.2009.08.002
https://doi.org/10.1016/j.nds.2009.08.002
https://doi.org/10.1016/j.nds.2005.10.001
https://doi.org/10.1016/j.nds.2005.10.001
https://doi.org/10.1016/j.nds.2005.10.001
https://doi.org/10.1016/j.nds.2005.10.001
https://doi.org/10.1016/j.nds.2008.05.001
https://doi.org/10.1016/j.nds.2008.05.001
https://doi.org/10.1016/j.nds.2008.05.001
https://doi.org/10.1016/j.nds.2008.05.001
https://doi.org/10.1016/j.nds.2016.09.001
https://doi.org/10.1016/j.nds.2016.09.001
https://doi.org/10.1016/j.nds.2016.09.001
https://doi.org/10.1016/j.nds.2016.09.001
https://doi.org/10.1016/j.nds.2009.04.002
https://doi.org/10.1016/j.nds.2009.04.002
https://doi.org/10.1016/j.nds.2009.04.002
https://doi.org/10.1016/j.nds.2009.04.002
https://doi.org/10.1016/0375-9474(91)90748-U
https://doi.org/10.1016/0375-9474(91)90748-U
https://doi.org/10.1016/0375-9474(91)90748-U
https://doi.org/10.1016/0375-9474(91)90748-U
https://doi.org/10.1016/S0375-9474(96)00460-5
https://doi.org/10.1016/S0375-9474(96)00460-5
https://doi.org/10.1016/S0375-9474(96)00460-5
https://doi.org/10.1016/S0375-9474(96)00460-5
https://doi.org/10.1103/PhysRevC.96.044311
https://doi.org/10.1103/PhysRevC.96.044311
https://doi.org/10.1103/PhysRevC.96.044311
https://doi.org/10.1103/PhysRevC.96.044311
https://doi.org/10.1007/BF01294577
https://doi.org/10.1007/BF01294577
https://doi.org/10.1007/BF01294577
https://doi.org/10.1007/BF01294577
https://doi.org/10.1088/1674-1137/41/3/030003
https://doi.org/10.1088/1674-1137/41/3/030003
https://doi.org/10.1088/1674-1137/41/3/030003
https://doi.org/10.1088/1674-1137/41/3/030003
https://doi.org/10.1103/PhysRevC.52.R23
https://doi.org/10.1103/PhysRevC.52.R23
https://doi.org/10.1103/PhysRevC.52.R23
https://doi.org/10.1103/PhysRevC.52.R23
https://doi.org/10.1006/adnd.1995.1002
https://doi.org/10.1006/adnd.1995.1002
https://doi.org/10.1006/adnd.1995.1002
https://doi.org/10.1006/adnd.1995.1002
https://doi.org/10.1103/PhysRevC.88.061302
https://doi.org/10.1103/PhysRevC.88.061302
https://doi.org/10.1103/PhysRevC.88.061302
https://doi.org/10.1103/PhysRevC.88.061302
https://doi.org/10.1143/PTP.113.305
https://doi.org/10.1143/PTP.113.305
https://doi.org/10.1143/PTP.113.305
https://doi.org/10.1143/PTP.113.305



