
Journal of Physics: Conference Series

PAPER • OPEN ACCESS

Neutrino-nucleus reactions on oxygen and neon for nucleosynthesis and
supernova neutrino detection
To cite this article: Toshio Suzuki et al 2020 J. Phys.: Conf. Ser. 1643 012027

 

View the article online for updates and enhancements.

This content was downloaded from IP address 93.243.115.116 on 14/01/2021 at 11:09

https://doi.org/10.1088/1742-6596/1643/1/012027
https://googleads.g.doubleclick.net/pcs/click?xai=AKAOjstg_5FG90yqUd87EKT66S0WZJLoroko8Wf8BsBY2PRk3gZMafQgB4asx7-ixQgYAsGerahpBUP4JR_gpQ2eI-ZW3iDjW2W5PBYSpS1RRYABJjD7rNn3VOC3DIqeABV93I6AQ9dy-NbWzkp0f9HXp4rvj2wUB11CXmEpbmNwHYY-70fm463APxHm7GPK6C-Ek06P7HbnboHLmn8oA0-NJN803J3ZqKY-bhMKwU0zvXgVi9o-AOY4N8hQiETaezb2gk-444AL31vwowRRLuiYATrP&sig=Cg0ArKJSzBkl3KVJSBR-&adurl=http://iopscience.org/books


Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.

Published under licence by IOP Publishing Ltd

27th International Nuclear Physics Conference (INPC2019)
Journal of Physics: Conference Series 1643 (2020) 012027

IOP Publishing
doi:10.1088/1742-6596/1643/1/012027

1

 

 

 

 

 

 

Neutrino-nucleus reactions on oxygen and neon for 

nucleosynthesis and supernova neutrino detection 

Toshio Suzuki
1,2

, Satoshi Chiba
3
, Takashi Yoshida

4
, Ken’ichiro Nakazato

5
, 

Makoto Sakuda
6
, Koh Takahashi

7
 and Hideyuki Umeda

3
 

1
Department of Physics, College of Humanities and Sciences, Nihon University, 

Sakurajosui 3, Setagaya-ku, Tokyo 156-8550, Japan.                                          
2
National Astronomical Observatory of Japan, Mitaka, Tokyo 181-8588, Japan        

3
Research Laboratory for Nuclear Reactors, Tokyo Institute of Technology, Meguro-

ku, Tokyo 152-8550, Japan                                                                                   
4
Department of Astronomy, Graduate School of Science, The University of Tokyo, 

Tokyo 113-0033, Japan                                                                                         
5
Faculty of Arts & Science, Kyushu University, 744 Motooka, Nishi-ku, Fukuoka 

819-0395, Japan                                                                                              
6
Department of Physics, Okayama University, 3-1-1 Tsushimanaka, Kita-ku, 

Okayama 700-8530 Japan                                                                                        
7
Max-Planck-Institut fur Gravitationsphysik (Albert Einstein Institute), Am 

Muhlenberg 1, D-14476, Potsdam-Golm, Germany  

suzuki@phys.chs.nihon-u.ac.jp 

Abstract. Spin-dipole strength in 
16

O and ν-induced reactions on 
16

O are studied by shell-

model calculations.  Charged- and neutral-current reaction cross sections for various particle 

and γ emission channels as well as the total ones are evaluated with the Hauser-Feshbach 

statistical method. Nucleosynthesis of 
11

B and 
11

C in supernovae through αp emission channels 

is investigated. Charged-current reaction cross sections induced by supernova ν and their 

dependence on ν oscillations are discussed for future supernova burst. Neutrino-nucleus 

reaction cross sections on 
20

Ne induced by Gamow-Teller and spin-dipole transitions are also 

investigated. Electron-capture rates for the forbidden transition 
20

Ne (e
-
, νe) 

20
F (2g.s.

+
) at stellar 

environments are discussed.  

1.  Introduction 

Roles of Gamow-Teller (GT) transitions in nuclear rates, electron-capture and β-decay rates at stellar 

environments, have been investigated in various astrophysical processes [1-5]. Neutrino-nucleus 

reaction cross sections for 
12

C [6,7], 
13

C [8], 
40

Ar [9], 
56

Fe and 
56

Ni [10] have been updated, and 

applied to study ν-process nucleosynthesis [6,7,11] and ν properties [7,11]. Here, we discuss forbidden 

transitions in 
16

O. Spin-dipole strengths in 
16

O and ν-induced reactions on 
16

O are studied in Sect. 2. 

Partial cross sections in various channels including multi-particle emissions are evaluated by the 

Hauser-Feshbach method, and implications on nucleosynthesis of light elements in supernovae are 

discussed. Effects of ν oscillations on charged-current reaction cross sections for supernova ν are 

investigated. In Sect. 3, ν-induced reactions on 
20

Ne, in which both the GT and spin-dipole 

contributions are important,  are studied. Electron-capture rates for a second-forbidden transition in 
20

Ne are evaluated with the multipole expansion method. 
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2.  ν-induced reactions on 
16

O  

2.1.  Spin-dipole strength in 
16

O 

ν-induced reactions on 
12

C was studied with a shell-model Hamiltonian, SFO [15], which can 

reproduce the GT strength in 
12

C and magnetic moments of p-shell nuclei systematically. The 

configuration space of the SFO is p-sd shell, and the quenching factor for q= gA
eff

/gA is found to be 

close to 1, q=0.95, in contrast to the case within p-shell configurations such as the Cohen-Kurath 

Hamiltonian [16]. The monopole term in spin-isospin flip channel is enhanced in the SFO.  

In the case of 
16

O, the GT strength is small and the spin-dipole strength is the dominant contribution 

to spin-dependent transitions. Therefore, the p-sd cross-shell matrix elements in SFO are improved by 

taking into account the tensor and two-body spin-orbit components properly: the tensor and two-body 

spin-orbit components are replaced by those of π+ρ meson-exchanges and σ+ρ+ω meson-exchanges, 

respectively. A new Hamiltonian thus obtained, SFO-tls [17], can reproduce low-lying energy levels 

of spin-dipole states in 
16

O. Calculated spin-dipole strength 
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in 
16

O for λ
π 
= 0

-
, 1

-
 and 2

-
  are shown in figure 1.  Here, Ji is the initial spin, and t-|n> = |p> and t+|p> = 

|n>. 

Sum value B(SDλ) is nearly proportional to 2λ＋1, while the averaged energy position is the lowest 

(highest) for 2－ (1－). The latter can be explained by using the energy-weighted sum (EWS) of the 

strength. For LS-closed core, the EWS splits for different λ due to one-body spin-orbit interaction. 

Two-body tensor interaction affects it further; it is attractive for 2
-
 and 0

- 
while repulsive for 1

-
 (see 

Ref. [18] for the details).                                                                                                                     

 

  Figure 1. Calculated spin-dipole strength in 
16

O               Figure 2. Calculated total cross sections for   

obtained with the SFO-tls. (Taken from Ref. [18])  
16

O (νe, e－ ) 
16

F obtained by shell-model 

calculations with the SFO-tls and SFO as 

well as CRPA calculation [21]. (Taken 

from Ref. [18]) 

2.2ν-induced cross sections on 
16

O   

Charged- and neutral-current ν-nucleus reaction cross sections on 
16

O are evaluated by shell-model 

calculations with the SFO-tls [18]. The quenching for gA is taken to be q=0.95. The total μ-capture rate 

on 
16

O obtained with q=0.95 is λ= 11.20×10
4
 s

-1 
(10.21×10

4
 s

-1
) for SFO-tls (SFO), which is close to 

the experimental value, λ= 11.26×10
4
 s

-1
 [20]. Total charge-exchange cross sections for 
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16
F at Eν < 100 MeV obtained for SFO-tls as well as for SFO and previous continuum-random-phase 

approximation (CRPA) calculation [21] are shown in figure 2. The multipolarities up to J=4 are taken 

into account. Dominant contributions come from the transitions with J
π
 = 2－ and 1－. The cross 

sections for SFO-tls are enhanced compared with those of SFO, and found to be close to those of the 

CRPA except at Eν < 30 MeV. Neutral-current cross sections for SFO-tls are also close to those of the 

CRPA.  
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Figure 3a. Calculated partial cross sections for  Figure 3b. The same as in figure 3a for neutral- 
16

O (νe, e
－X ) with  X = p, pp, 

3
He, α, αp, via           current reaction 

16
O (ν,  ν’X) with X= n, p, α, αp  

excitations of  2―
 
states in 

16
F obtained by shell-      and γ via excitations of  2―

 
states in 

16
O.  

model calculation with the SFO-tls.                           (Taken from Ref. [18]) 

(Taken from Ref. [18]) 

 

Partial cross sections for various particle and γ emission channels, including multi-particle 

emissions in addition to single-particle ones, are evaluated by the Hauser-Feshbach method.  Charged-

current cross sections for p, pp,
 3

He, α and αp emission channels for the excitations of 2－ states are 

shown in figure 3a for SFO-tls. The proton emission channel gives the dominant contribution, while 

αp and α emission channels become important at higher excitation energies at Ex～30 MeV. A large 

branching ratio for the αp channel leads to the production of 
11

B and 
11

C by 
16

O (ν,ν’αp) 
11

B and 
16

O 

(νe, e
－αp) 

11
C reactions, respectively, in addition to the ordinary reaction channels 

12
C (ν,ν’p) 

11
B and 

12
C (νe, e

－p) 
11

C .The production yields of 
11

B + 
11

C in supernovae with 15 (20) M☉ are found to be 

enhanced by about 13 (12)% compared with those without the multi-particle emission channels  [18] 

(see table 1).    

Table 1. Production yields of 
11

B and 
11

C in superrnova explosion for progenitor mass of M=15M☉. 

Here, “single-particle channels” denotes γ, p, n and α emission channels.  
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2.3   ν oscillations and detection of supernova ν 

The MSW matter resonance oscillations [22] occur in C-He layer of supernovae for normal (inverted) 

mass hierarchy in charged-current reactions induced by
 

e e( )  . Event spectra of neutrino-
16

O charged-

current reactions at Super-Kamiokande are evaluated for future supernova neutrino bursts. The cross 

sections of the 
16

O (νe, e
−
) X and 

16
O ( e , e

+
) X reactions for each nuclear state with a different 

excitation energy are evaluated, and dependence of the cross sections on the mass hierarchies are 

examined [23].  Enhancement of expected event numbers for supernovae with mass of 20M☉ at 10 kpc 

away from the earth is predicted for the e e eand ( )   -induced reaction  in case of  normal (inverted) 

hierarchy. In case of supernovae with mass of 30M☉ corresponding to black hole formation model, 

enhancement of the event numbers is unremarkable due to less total emission energies for νx  and x  

(x = μ, τ) compared with e eand  .   
However, event numbers of the main background, the inverse β 

decay, are suppressed compared with the supernova events at higher energy e
+
/e

-
 region (see Ref. [23] 

for more details).  

3.  ν-induced reactions on 
20

Ne  

 

3.1  GT strength in 
20

Ne and reaction cross sectiions  

Neutrino-
20

Ne reactions, 
20

Ne (ν, ν’p) 
19

F and 
20

Ne ( e
, 
e

+
) 

20
F followed by neutron emission, lead to 

production of 
19

F. First, we study GT strength in 
20

Ne by shell-model calculations with the use of 

various Hamiltonians, USDB (sd) [24], WBP (p-sd-pf) [25], YSOX (p-sd) [26] and SFO-tls (p-sd). 

Here, shell-model configuration spaces for the Hamiltonians are denoted in the parentheses.  

Calculated cumulative sums of the strength are shown in figure 4 as well as the experimental data 

obtained by (p, n) and (n, p) reactions [27]. As the calculated results for WBP with the quenching 

factor q=0.90 and SFO-tls with q =0.95 are consistent with the experimental data, we adopt these 

Hamiltonians to obtain the ν-induced reaction cross sections. Calculated cross sections for 
20

Ne (ν, ν’) 
20

Ne, 
20

Ne ( e ,
 
e

+
) 

20
F and 

20
Ne (ν, e

-
) 

20
Na obtained with the GT only and with all the multipolarities 

are shown in figure 5.                                                     

 

Figure 4. Cumulative sums of the GT strengths      Figure 5. Calculated total cross sections for  (ν, e
-
),  

in 
20

Ne obtained with USDB, WBP, YSOX and      ( e ,
 
e

+
)  and (ν, ν’) reactions on 

20
Ne obtained with       

SFO-tls using the quenching factor q for gA.            the WBP (q=0.90) and SFO-tls (q=0.95). The cross 

Experimental data from (n, p) and (p, n) reac-     sections for the GT transitions only and those for 

tions [27] are also shown.                                          all the multipolarities are shown.   
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As the Q value for ( e
, 
e

+
) is the lowest, the ( e

, 
e

+
) cross sections are the largest among them at low ν 

energies. Cross sections for the GT transitions with the SFO-tls are larger than those with the WBP.  

Contributions from the spin-dipole transitions become more important than the GT ones at Eν > 30 

MeV. Total cross sections for the WBP become larger than those for the SFO-tls at Eν > 30 MeV as the 

configuration space for the WBP is larger than that for the SFO-tls, while the difference is moderate. 

Evaluations of partial cross sections for particle and γ emission channels that are important for the 

production of 
19

F are in progress.  

3.2 Electron-capture rates on 
20

Ne 

 We discuss electron-capture rates for a second-forbidden transition 
20

Ne (0g.s.
+
)→

20
F (2g.s.

+
). This 

transition is triggered first for 
20

Ne ( e ,
 
e

+
) 

20
F, but the contribution from the transition is small and 

almost negligible at low Eν. On the other hand, at high densities the forbidden transition becomes 

dominant in the e-capture reaction on 
20

Ne [28].   

Recently, the β-decay rate for the transition 
20

F (2g.s.
+
) → 

20
Ne (0g.s.

+
) was measured, and log ft value 

was obtained to be 10.89±0.11 [29]. Here, we evaluate the e-capture rates with the multipole 

expansion method [30].  In this method, there are contributions from  the Coulomb, longitudinal, 

transverse electric and axial magnetic terms with the multipolarity J
π
 =2

+
. The transition strength has a 

dependence on the electron energy in contrast to the allowed GT transition. Calculated e-capture rates 

for the forbidden transition obtained with the USDB and YSOX Hamiltonians are shown in figure 6 

for the temperature log10T =8.6. Effects of the Coulomb effects, that is, the screening effects on both 

electrons and ions [31-34] are also investigated. Results obtained by the prescription assuming an 

allowed GT transition with the strength determined from the experimental log ft value (=10.89) are 

also shown for comparison. Sizable difference is found between the two methods [35], which comes 

from the difference in the electron energy dependence of the transition strengths between the two 

methods. The log ft value for the β-decay transition 
20

F (2g.s.
+
) → 

20
Ne (0g.s.

+
) is obtained to be log ft = 

11.18 and 11.24 for the USDB and YSOX, respectively, with the present multipole expansion method 

[35]. These values are consistent with the experimental value within a factor of ~2.  

Heating of the O-Ne-Mg core due to γ emissions succeeding the double e-capture reactions, 
20

Ne (e
−
, 

νe) 
20

F (e
−
, νe) 

20
O, is important in the final stage of the evolution of the core. Study of the evolution of 

the high density electron-degenerate core with the use of the present shell-model rates is in progress 

[36]. 

 

 Figure 6. Electron-capture rates for the forbidden transition  
20

Ne (e－, νe) 
20

F (2g.s.
+
) at T =10

8.6
 (K) 

obtained by shell-model calculations with the USDB and YSOX. The rates obtained by the 

prescription assuming an allowed GT transition are also shown. In the right panel, the Coulomb effects 

(SCR effects of electron and ion) are included.  
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