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　When the phenomenon of nuclear fission was discovered, a 
nucleus was modeled to be a liquid drop with a charge and 
fission was considered to occur when a nucleus overcomes 
the fission barrier (saddle point). This classical model, 
however, cannot explain some features such as mass 
asymmetry in the neutron-induced fission of 235U. Therefore, 
the effects of the energy levels of the protons and neutrons in 
a nucleus were taken into account. A nucleus with a closed-
shell structure has high binding energy and thus a low mass 
(energy). The fission proceeds in such a manner that nuclei 
with closed-shell structures are preferentially formed to have 
the smallest energy at the end of nuclear rupture. In the 
neutron-induced fission of 235U, one fragment is preferentially 
formed in the vicinity of 132Sn, which has the closed proton 
and neutron shells. The other is the complementary fragment. 
The effects of the 132Sn nucleus on fission have been observed 
in the fissions of the actinide nuclei. 
　In this study, our aim was to see if the present fission 
model can explain the fission of nuclei that are more unstable 
than 235U. We chose 180Hg as the proton-rich nucleus and for 
the first time, conducted an experiment to study the fission 
properties in such a light-nucleus region. According to the 

present knowledge, two 90Zr isotopes should be produced 
because 90Zr has a closed neutron shell. The experimental 
result, however, revealed that the most dominant masses were 
80 and 100, as shown in Fig.6-7, which suggested the 
production of 80Kr and 100Ru. The yield of 90Zr was 
significantly small. 180Hg underwent the new type of fission, 
and it was not regulated by shells of the fragments. 
　Fig.6-8 shows the potential energy of 180Hg, calculated for 
the first time as a light element to understand how the fission 
proceeds on the nuclear-shape. Because of the high fission 
barrier at the mass-symmetry, the symmetric fission 
fragments 90Zr are not produced (dotted curve in Fig.6-8). On 
the other hand, in the case of mass asymmetry, the saddle 
point appears at a low barrier height, which can be easily 
overcome to yield mass-asymmetric fission fragments (solid 
curve in Fig.6-8). 
　Fission of unstable nuclei provides information about the 
level structures of the protons and neutrons for the extremely 
elongated nuclear shape. Understanding the structure will 
help improve the fission model for evaluating nuclear data 
and studying the reaction between heavy ions.
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The number of registered fission fragments as functions of the 
mass and total kinetic energy (sum of the kinetic energies of 
both fragments). Fission fragments with mass numbers of 80 
and 100, corresponding to 80Kr and 100Ru, respectively, have the 
most abundant yield.
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Potential energy (PE) of 180Hg is calculated as a function of the 
elongation and mass asymmetry. Mass asymmetry is observed 
at the saddle point. The calculation for such a light-element 
system was carried out for the first time.
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temperatures. However, as we have discussed before, free nucleons begin to be bound into a-particles and heavier nuclei at
T \ 1 MeV (cf. Therefore, equations and are to be replaced byeq. [62]). (7) (68)
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Therefore, if the QSE condition for is still satisÐed when a signiÐcant fraction of the material is in a-particles andequation (78)
heavier nuclei, the Ðnal in the ejecta will deviate from given in The inÑuence of a-particles and heavierY
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Because the evolution of in the ejecta at T \ 1 MeV is coupled with the change in the nuclear composition of the ejecta,Y
eand depends sensitively on the thermodynamic and hydrodynamic conditions in the ejecta (cf. eqs. and we will[62] [81]),
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barring the unlikely case where the QSE condition for holds until all the free nucleons disappear. The qualitativeequation (78)
feature of heavy-element nucleosynthesis depends crucially on whether or From equations andY

e
[ 0.5 Y

e
\ 0.5. (65a), (65b),

we see that neutrino luminosities and energy distributions have direct bearings on the nature of heavy-element nucleo-(83),
synthesis in supernovae.
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Figure 2. Top: time evolution of Ye adopted for nucleosynthesis calculations
(Ye,min = 0.40, solid curve). The case with Ye,min = 0.45 is also shown by the
dashed curve. Bottom: values of f200 (Equation (1)) as functions of t. The
cases for Ye,min = 0.40 and 0.45 are shown by solid and dashed curves,
respectively. The solid and dashed horizontal lines indicate f200 = 1 and
f130 = 1, respectively, above which the production of A ∼ 200 and A ∼ 130
nuclei is expected.
(A color version of this figure is available in the online journal.)

values at t ∼ 1–2 s and increase with time (Figure 1, middle
right).

As analytically shown by Hoffman et al. (1997), the ratio
S/τ 1/3 (with a fixed Ye) serves as the measure of the strength
of r-processing. We find in the bottom left panel (Figure 1) that
S/τ 1/3 increases with time and saturates at t ∼ 5 s as a result
of the increasing τ that counterbalances the increasing S. That
is, the strength of r-processing becomes mostly independent of
time for t ! 5 s if Ye is kept constant. The dashed lines indicate
the values of Ye above which the production of A ∼ 200 nuclei
is expected, according to the analytical formula in Hoffman et al.
(1997; their Equation (19)). We find that an unacceptably low
Ye (<0.25) is required for M = 1.4 M⊙. If a currently predicted
minimal value of Ye ∼ 0.42–0.45 were taken, one would need
a PNS with the mass close to the extreme case of M = 2.4 M⊙
for the production of heavy r-process nuclei.2 The bottom right
panel shows the mass ejection rates (Ṁ) that are systematically
smaller for more massive PNS models and quickly decrease
with time. This indicates that the wind ejecta are dominated by

2 Otsuki et al. (2000) and Wanajo et al. (2001) showed that the wind of
(M, Lν ) = (2.0 M⊙, 1052 erg s−1) with Ye = 0.40 led to a robust r-process.
Their PNS radius was, however, fixed to 10 km, which was appreciably
smaller than our more reasonable, time-dependent value of
R(Lν = 1052 erg s−1) = 15 km.

the early components with small S/τ 1/3. The very late ejecta
for t > 10 s (if any, not considered in this study) would be
unimportant.

The time evolution of Ye, which is needed for nucleosynthesis
calculations, is assumed as Ye(t) = c1 cosh[c2(t − tmin)] + c3
(Figure 2, top), where c2 = 1.0 for t < tmin = 3.0 s and
c2 = 0.10 for t > tmin. The coefficients c1 and c3 are determined
to satisfy Ye(tmin) = Ye,min and, for t < tmin and t > tmin,
respectively, Ye(t0) = 0.55 and Ye(t1) = 0.50. This roughly
mimics the hydrodynamical result by Roberts et al. (2012; see
their Figure 5). We adopt Ye,min = 0.40 (solid curve in the top
panel of Figure 2), the value slightly smaller than ∼0.42–0.45
in Roberts et al. (2012). While Ye drops in response to the PNS
contraction, the increasing neutrinospheric density suppresses
the charged current neutrino interactions by Pauli blocking and
Ye cannot decrease at late times (Fischer et al. 2012). Note that
the α-effect (McLaughlin et al. 1996; Meyer et al. 1998), which
were not considered in Roberts et al. (2012), would slightly shift
Ye toward ∼0.5. The value of Ye,min here may thus be taken as
the absolute lower limit for PNS winds.

The lower panel (Figure 2) shows the condition for making
the third peak nuclei (A ∼ 200) according to Hoffman et al.
(1997),

f200 = (S/230 kB nucleon−1)
(Ye/0.40)(τ/20 ms)1/3

! 1, 0.38 " Ye " 0.46.

(1)

This reflects the value of Ye in addition to the combination S/τ 1/3

(Figure 1, bottom left). We find that only the extreme model
of M = 2.4 M⊙ satisfies this condition (the region above the
horizontal solid line). Also indicated by the horizontal dashed
line is the condition for making the second peak (A ∼ 130)
nuclei, f130 ≈ 1.34 f200 ! 1. It indicates that only the models
with M ! 2.0 M⊙ can reach the second peak of the r-process
abundances. The f200 curves with Ye,min replaced by 0.45 are
also shown in Figure 2, implying slightly weaker r-processing.

3. NUCLEOSYNTHESIS

The nucleosynthetic yields for all the (M,Lν) sets are
computed with the reaction network code described in Wanajo
et al. (2001, 2011a). Reaction rates are employed from the
latest library of REACLIB version 2.0 (Cyburt et al. 2010)
for the experimental evaluations when available and the rest
from the theoretical estimates in BRUSLIB (Xu et al. 2013)
based on the HFB-21 mass predictions (Goriely et al. 2010).
The β-decay rates are taken from the gross theory predictions
(GT2; Tachibana et al. 1990) obtained with the HFB-21 masses.
Neutrino interactions, which would slightly shift Ye by the α-
effect, are not included. Using thermodynamic trajectories of
PNS winds, the calculations are started when the temperature
decreases to 10 GK, assuming initially free protons and neutrons
with mass fractions Ye and 1 − Ye, respectively.3

The nucleosynthetic abundances are mass-integrated
(Figure 3, top) by adopting Ṁ for each PNS model. For com-
parison purposes, the solar r-process compositions (circles) are
also plotted to match the third peak height (A ∼ 195) for the

3 We examined only the Ye,min = 0.40 case with tmin = 3.0 s. Tests showed
that a small shift of tmin did not qualitatively change our result. The cases with
Ye,min = 0.45 corresponded to roughly re-scaling M’s with ∼0.1–0.2 M⊙
smaller values. Note also that the presence of the preceding SN ejecta that give
rise to the termination shocks (Arcones et al. 2007) does not change the gross
abundance features (Wanajo 2007; Kuroda et al. 2008).
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second peak (model 1), the jetlike explosion in the direction of
the rotational axis is found to be good for reproducing the third
peak, which is obtained in concentrated magnetic fields with
strong differential rotation (model 4). On the other hand, for the
uniform rotation and magnetic field model, the jetlike explosion
is obtained in the direction of the equatorial plane, and it is found
to be limited to the reproduction of the r-elements up to the sec-
ond peak. Moreover, it is found that global pattern of the pro-
duced r-elements does not qualitatively depend on the functional
form of ! and T after the last stage of NSE, although quantitative
features in the abundance production are rather different.

2. The shapes and the positions of peaks depend crucially on
the mass formula and "-decay rates. The "-decay rates calcu-
lated by the gross theory tend to become smaller by one order of
magnitude compared to those obtained by shell model compu-
tations. As a consequence, network A makes the three peaks
more clearly than network B. However, considering the large
uncertainties in the theoretical data on "-decay rates, we have
shown that the reproduced r-process abundance pattern in the
magnetorotational model cannot be largely affected. It should
be remarked that small abundance peak around A !164 is not
built enough in the present calculations for both networks. The
information of the r-process acquired through theoretical and

Fig. 6.—Abundances obtained from model 1 (top), model 2 (middle), and
model 4 (bottom) with use of network A.

Fig. 7.—Same as Fig. 6, but for the use of network B.
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KTUYþ GT2 model is shown in Fig. 4(b). It is noted that
the results display very little or even no systematic depen-
dence, and generally provide a better description of the
data across this mass region than the FRDMþ QRPA
model does. Below A ¼ 102, the KTUYþ GT2 calcula-
tion overestimates some of the experimental results by a
factor of about 2; however, it should be noted that the
magnitude of the experimental uncertainties of the half-
life for Kr isotopes is rather large. Figure 4(c) shows test
results of the FRDMþ GT2 model, rather than FRDMþ
QRPA, to extract differences in the treatment of the
!-strength functions. Much smaller deviations, predicted
by the FRDMþ GT2 model, suggest that the GT2 suc-
ceeds in capturing the essence of !-strength functions.
Figure 4(d) shows the difference between QFRDM

! and

QKTUY
! as a function of atomic number. A suppressed

odd-even staggering is clearly evident, but the FRDM
model predicts a Q! value of about 1 MeV less than that
of the KTUY model at A # 110. A small enhancement in
the FRDMþ GT2 predictions, by a factor of 2 or so around
A ¼ 110, may be explained by the underestimation of
Q! values in the FRDM calculation. The data suggest
that one of the main problems associated with !-decay
half-life predictions is related to uncertainties involved
with binding-energy calculations and!-strength functions.

As discussed by Möller et al. [1], the sum of the half-
lives of the r-process nuclei up to the midmass region, i.e.,
around A ¼ 130, determines the rate of r-matter flow at

N ¼ 82. Following this prescription, the relatively short
half-lives of the Zr and Nb isotopes deduced in the present
study suggest a further speeding up of the classical
r process, and shed light on the issue concerning the low
production rates of elements beyond the second r-process
peak. The results presented here also make an impact on
the abundances of nuclei at the second peak, since the peak
position and shape in the solar abundances around
A ¼ 110–140 can be reproduced better by decreasing the
half-life of the r-process nuclei by a factor of 2 to 3 [2].
In summary, the !-decay half-lives of the very neutron-

rich nuclides 97–100Kr, 97–102Rb, 100–105Sr, 103–108Y,
106–110Zr, 109–112Nb, 112–115Mo, and 115–117Tc, all of which
lie close to the astrophysical r-process path, have been
measured (for 18 nuclei) or their uncertainties have been
reduced significantly. The results suggest a systematic
enhancement of the !-decay rates of the Zr and Nb iso-
topes by a factor of 2 or more around A ¼ 110with respect
to the predictions of the FRDMþ QRPA model. The
results also indicate a shorter time scale for matter flow
from the r-process seeds to the heavy nuclei. More satis-
factory predictions of the half-lives from the KTUYþ
GT2 model, which employs larger Q! values, highlights

the importance of measuring the half-lives and masses of
very exotic nuclei, since such knowledge ultimately leads
to a decrease in the uncertainty of predicted nuclear abun-
dances around the second r-process peak.
This experiment was carried out at the RIBF operated by

RIKEN Nishina Center, RIKEN and CNS, University of
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FIG. 3 (color online). Neutron number dependence of !-decay
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•  There  are  3  candidates  for  r-process  sites.�
    (MHD-Jet  SN,  NSM,  ν-driven  wind  SN)�

•  We  construct  the  new  nuclear  reaction  network  code  and  apply  
to  r-process  nucleosynthesis  of  the  binary  neutron  star  merger.�

•  MHD-Jet  SNe  +  NSMs  +  ν-driven  wind  SNe  can  reproduce  the  
solar  r-elements.�

•  Fission  fragment  mass  distribution  (FFD)and  fission  barrier  are  
critical  to  reproduce  the  elemental  abundance  around  A  =  160.  �

            �

            Quest  for  nuclear  mass  models  and  FFDs  is  highly  desirable.  �
    �

    �
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