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Neutrino-induced reactions on 56Fe and 56Ni, and production of 55Mn in population III stars
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Neutrino-induced reactions on 56Fe and 56Ni are investigated based on a new shell-model Hamiltonian for
pf shell. The calculated charged current reaction cross section on 56Fe induced by decay-at-rest (DAR) neutrinos
is shown to be consistent with the observation. The Gamow-Teller strength in 56Ni is found to be more spread
compared to previous calculations and result in a considerably large branching ratio for the proton knock-out
channel. As a consequence of this, the production yields of heavy elements such as 55Mn in population III stars
are shown to be enhanced for the new Hamiltonian.
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Recently, shell-model studies in nuclei have made extensive
progress due to the rapid development of computing systems
as well as new radioactive facilities. New shell-model Hamil-
tonians have been invented and used to study structure and
transition properties of both stable and unstable nuclei [1–5].
A new shell-model Hamiltonian for the p-shell [1], which
reproduces Gamow-Teller (GT) transitions in 12C and 14C as
well as magnetic moments of p-shell nuclei, has been applied
to ν-induced reactions on 12C. The reaction cross sections
for 12C and 4He were found to be enhanced compared with
previous calculations [6]. As a consequence of this, a possible
enhancement of the production yields of light elements, 7Li
and 11B, during supernova explosion has been pointed out
[6,7].

Here, we extend our study to pf -shell nuclei and investigate
neutrino nucleus reactions on Fe and Ni as well as its
astrophysical implications. We are particularly interested in
56Ni that is produced most in supernova explosions of massive
stars. We study GT transitions in 56Fe and 56Ni by shell-model
calculations with the use of a new shell-model Hamiltonian for
the pf shell, GXPF1J [3,8]. The Hamiltonian reproduces the
energy position of the 1+ state of 48Ca and describes well the
magnetic dipole (M1) transition strengths in 50Ti, 52Cr, and
54Fe, as well as the GT strength in 58Ni [8,9].

We show that the distribution of the GT strength in
56Ni is more fragmented and quite different from previous
calculations. This difference leads to a large branching ratio for
the proton knock-out channel and results in the enhancement
of the production yields of 55Mn and 59Co in stars. We
first show that the new Hamiltonian can well reproduce the
observed B(GT) values in Fe and Ni isotopes as well as
the reaction cross section for 56Fe (νe, e

−) 56Co measured
for DAR neutrinos. Then, the reaction cross section for

56Ni (ν, ν ′p) 55Co is shown to be considerably enhanced due to
the spreading of the GT strength in high-energy region in 56Ni.
The enhancement of the production yield of 55Mn through the
process, 55Co (e−, νe) 55Fe (e−, νe) 55Mn, is demonstrated in a
population III star.

Shell-model calculations are carried out by using the code
MSHELL [10] allowing at most five nucleons to be excited from
the f7/2 orbit into upper orbits relative to the naive filling
ground-state configuration. The GT strength distribution can
be obtained following the prescription given by Whitehead
[11].

Calculated GT strengths for 56Fe are shown in Fig. 1(a).
The strengths are suppressed by a universal quenching factor
of (0.74)2 [12]. The strength for GXPF1J is found to be
more fragmented with a remaining tail in the high excitation
energy region compared with that obtained by the conventional
Hamiltonian, KB3G [13]. This feature is also seen in 54Fe and
Ni isotopes. The calculated sum of the B(GT−) value in 56Fe
is 9.5 (9.0) for GXPF1J (KB3G), which is consistent with the
observed value of 9.9±2.4 [14], as shown in Table I. Here,

B(GT±) = 1

2Ji + 1
|〈f ||

∑

k

fqσktk±||i〉|2, (1)

where t+|p〉 = |n〉 and t−|n〉 = |p〉 and fq = 0.74. The calcu-
lated sum of the GT+ strength in 56Fe is 2.9 (2.5) for GXPF1J
(KB3G), which is also close to the experimental value of
2.8±0.3 [15]. The calculated and experimental total B(GT±)
values for 54Fe, 58Ni, and 60Ni are also shown in Table I.
Note that the calculated values in Table I satisfy the GT sum
rule;

∑
f [B(GT−) − B(GT+)] = 3f 2

q (N − Z). Strengths up
to Ex = 13 ∼ 15 MeV (8 ∼ 10 MeV) are included in the
experimental values of B(GT−) [B(GT+)]. The calculated
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FIG. 1. (Color) (a) GT strengths for 56Fe → 56Co obtained
for GXPF1J and KB3G Hamiltonians. (b) Cross sections for
56Fe (νe, e

−) 56Co induced by supernova neutrinos with temperature
Tν . Results for GT transition obtained for GXPF1J and those including
other multipoles obtained by RPA for the SGII interaction are shown.
Previous results of Refs. [21–23] are also shown for comparison.

values are rather close to the observed ones. In the case of
60Ni, there remains some strength above Ex = 15 MeV for
GXPF1J, which explains why the calculated B(GT−) value is
larger than the experimental one.

The reaction cross section for 56Fe (νe, e
−) 56Co induced by

DAR neutrinos is calculated by using the multipole expansion
formulas [16] as denoted in Eqs. (4) ∼ (7) of Ref. [6]. The
GT strength obtained by GXPF1J is used for the evaluation
of the axial electric dipole response (T el,5

1 ), the spin part
of the M1 response (T mag

1 ), as well as the axial Coulomb

TABLE I. Calculated and experimental B(GT−) and B(GT+)
values for 54,56Fe and 58,60Ni. The GXPF1J Hamiltonian is used
for the shell-model calculations with a universal quenching factor
(0.74)2.

Nucleus B(GT−) B(GT+)

GXPF1J EXP. [14] GXPF1J EXP. [15]

54Fe 7.3 7.8 ± 1.9 4.0 3.3 ± 0.5
56Fe 9.5 9.9 ± 2.4 2.9 2.8 ± 0.3
58Ni 8.0 7.4 ± 1.8 4.7 3.8 ± 0.4
60Ni 9.9 7.2 ± 1.8 3.4 3.1 ± 0.1

and longitudinal dipole (M5
1 and L5

1) responses. Effects of
finite momentum transfer q are treated by the approximation
j0(qr) � 1 − 1

6q2〈r2〉, where 〈r2〉 is taken to be the mean-
square charge radius of the nucleus. The terms involving �σ · �∇
as well as the orbital part of the M1 response are not taken
into account. The transition to the isobaric analog state (IAS)
is evaluated also by the shell-model calculations. The cross
section for the GT (GT+IAS) transition is calculated to be
σ = 1.72(2.29) × 10−40 cm2.

Multipoles except for 0+ and 1+ are evaluated by the
method of random-phase approximation (RPA) with the use
of the SGII interaction [17]. We adopt this hybrid model,
as the evaluation of spin-dipole transitions by shell-model
calculations is not yet available at present. The same universal
quenching for the axial vector coupling constant, geff

A /gA =
0.74, is used for all multipoles. Backward electron-scattering
data in 48Ca and 90Zr show that the degree of quenching in
spin quadrupole (M2) transitions is very similar to the M1
case [18]. An effective spin g factor geff

s = 0.64gs is shown
to reproduce the M2 strengths in 48Ca and 90Zr as well as the
M1 strength in 48Ca [18]. It is therefore reasonable to assume
that strengths of spin-dipole transitions in pf -shell nuclei are
also quenched similar to the GT transition.

The total cross section including all multipoles up to J = 4
is obtained to be σ = 2.69 × 10−40 cm2, which is consistent
with the experimental value of the KARMEN Collaboration;
σ = 2.56 ± 1.08 ± 0.43 × 10−40 cm2 [19]. The present result
is not far from that in Ref. [20], σ = 2.38 × 10−40 cm2, where
contributions from multipoles except for 1+ are assumed not to
be quenched. Note that our result for 1+ is large compared with
that in Ref. [20], where only the axial electric dipole response
(T el,5

1 ) is considered for the GT transition. The interference
term between the T

el,5
1 and M1(T mag

1 ) responses included in
the present calculation enhances the cross section.

Calculated cross sections for supernova neutrinos with
temperature Tν are shown in Fig. 1(b). The Fermi-Dirac
distribution with zero chemical potential is assumed for the
neutrino spectra. Results of previous calculations [21–23]
are also shown. The present results are similar to those of
Ref. [23], slightly larger for T � 8 MeV but smaller than those
of Ref. [21]. The difference in the GT contribution seems to
compensate the difference in the treatment of the quenching in
other multipoles, similar to the DAR case. If multipoles other
than 1+ are assumed not to be quenched, our results become
closer to those of Refs. [21,22].

Now, we discuss neutral current reactions on 56Ni. The
proton knock out reaction 56Ni (ν, ν ′p) 55Co is quite interesting
as it leads to production of Mn through electron capture twice;
55Co (e−, νe) 55Fe (e−, νe) 55Mn. The GT transition strengths
in 56Ni [B(GT0)] are shown in Fig. 2(a) as a function of
excitation energy of 56Ni. As the ground state of 56Ni has
isospin T = 0, the GT0 transitions to the T = 1 states of
56Ni are the same as the GT− transitions to 56Co. We find
that the strength is fragmented into two peaks for GXPF1J,
while it has only one peak for KB3G. This difference in the
distribution of the strength leads to different (ν, ν ′p) cross
sections, though the total B(GT) value does not change much,
namely 6.20 and 5.37 for GXPF1J and KB3G, respectively.
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FIG. 2. (Color) (a) Calculated GT strength in 56Ni for GXPF1J
and KB3G. (b) The same as in Fig. 1(b) for the neutral current reaction
56Ni (ν, ν ′) 56Ni induced by supernova neutrinos with temperature Tν .
The cross sections are averaged over neutrinos and antineutrinos.
(c) Cross sections for particle knock-out and γ emission channels in
56Ni (ν, ν ′X) induced by supernova neutrinos with temperature Tν .
Cases of one and two particle knock-out are shown. Results obtained
by using cross sections of HW92 [22] are denoted by triangles, filled
red circles, and yellow circles, respectively, for γ emission, one proton
and one neutron knock-out cases.

The spreading of the GT0 strength is also seen in neutron-rich
Ni isotopes such as 58–64Ni. Contributions from multipoles
in addition to 1+ are evaluated by the RPA method as for the
56Fe case. The universal quenching, geff

A /gA = 0.74, is adopted
also here for all multipoles. Calculated cross sections for
56Ni (ν, ν ′) 56Ni induced by supernova neutrinos are shown in
Fig. 2(b). The contribution from the GT transition is dominant
at low temperature, while spin-dipole and other transitions
become important at T � 8 MeV. As in the charged current
reaction on 56Fe, the present results are close to those of
Ref. [23] but small compared to those of Ref. [21].

As the transition to the ground state of 55Co (7/2−) is
hindered because of the f -wave nature of the emitted proton,
the strength just above the proton threshold energy, Sp =
7.17 MeV, does not contribute to the cross section. The proton
emission channel actually opens at Ex = 10.1 MeV when the
transition to the 1/2+ (2.92 MeV) state of 55Co begins to
contribute to the cross section by emitting s-wave protons.
How much strength exists above Ex = 10.1 MeV in 56Ni is
essential for the proton knock-out reaction. The calculated
strength above Ex = 10.1 MeV is 3.83, that is, 62% of the
total strength, for GXPF1J.

Calculated cross sections for particle knock-out channels
as well as γ emission channels are shown in Fig. 2(c) for

supernova neutrinos. Branching ratios for γ, p, n, and α emis-
sion channels are calculated by using the Hauser-Feshbach
theory [24]. Hauser-Feshbach calculations are performed with
the code CASCADE [25]. The particle transmission coefficients
are generated using the optical model potentials of Perey
[26] for protons, Wilmore and Hodgson [27] for neutrons,
and Huizenga and Igo [28] for α’s. Level densities for
product nuclei are calculated from a formula that is derived
from the Fermi gas model [29]. Multiparticle knock-outs of
protons, neutrons, and α’s are taken into account. In Fig. 2(c),
contributions from one- and two-particle knock-out processes
are shown. We find that the (ν, ν ′p) cross section becomes
large for GXPF1J compared to the previous calculation using
the cross sections of HW92 [22]. However, the γ emission
cross section becomes smaller. This is due to large branching
ratios for the proton knock-out channels for GXPF1J caused
by the spreading of the GT distribution.

We now discuss the production yields of elements during
supernova explosion for a population III star with mass 15M	
[30]. The elemental yields of population III star supernovae are
compared with observed elemental abundances of low-mass
very metal-poor halo stars and extremely metal-poor halo stars.
These metal-poor stars are considered to have suffered the
pollution of metals from only a few supernovae evolved from
population III stars (e.g., Ref. [31]). Therefore, the comparison
of the elemental abundances is a good test for the study of
supernova nucleosynthesis. Total neutrino energy of Eν =
3 × 1053 ergs and neutrino temperatures of (Tνe

, Tν̄e
, Tνµ,τ

) =
(4, 4, 6) MeV [32] are assumed. Cross sections of Ref. [22]
are used except for neutral current reactions on 56Ni.

The production yields of Mn and Co produced in com-
plete Si burning are affected by neutrino processes [30].
Table II shows the production yields of Mn and Co, as well
as the logarithmic values of the yield ratios [X/Y ], where
[X/Y ] ≡ log(NX/NY ) − log(NX/NY )	 and, NX and NY are
the abundances of elements X and Y, respectively.

An enhancement of the production yield of 55Mn
is obtained when the neutrino processes, 56Ni (ν, ν ′p)
55Co (e−, νe) 55Fe (e−, νe) 55Mn, are included as shown in
Table II. The yield for the GXPF1J Hamiltonian is enhanced
compared with those for other Hamiltonians. The calculated
values are consistent with the abundances observed in ex-
tremely metal-poor stars with [Fe/H] � − 3 [33]. The proton
knocked out from 56Ni by the neutrino-induced reaction en-
hances the production yield of 59Co through the reaction chain
58Ni (p, γ ) 59Cu (e−, νe) 59Ni (e−, νe) 59Co. Enhancement of
the production yield of 59Co is also shown in Table II, though
the neutrino processes taken into account here are not yet
sufficient to explain the observed data. The enhancement of
the production yields of Mn and Co shows the importance of
the neutrino processes in nucleosynthesis in stars. It would
be quite interesting to carry out more accurate measurements
of element abundances as well as more studies on neutrino
reaction processes in explosive stars.

Finally, we stress that the origin of the difference of the
production yields of the elements is the new GT strength
distribution in 56Ni obtained by the new Hamiltonian, which is
based on recent extensive studies on both stable and unstable
nuclei.
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TABLE II. Production yields of Mn and Co, as well as the logarithmic values of the ratio of these yields relative to Fe, relative to
the solar abundances, [Mn/Fe] and [Co/Fe], in a supernova explosion model of a population III star with 15M	. See text for details.

Model GXPF1J (GT) KB3G (GT) GXPF1J + SGII HW02 No ν OBS. [33]

M(55Co)/(10−4M	) 4.16 3.56 4.83 3.80 2.29
M(55Mn)/(10−4M	) 4.31 3.72 4.99 3.96 2.30
[Mn/Fe] −0.25 −0.32 −0.19 −0.29 −0.53 −0.43 + 0.31/ − 0.17
M(59Co)/(10−5M	) 4.47 3.53 5.77 3.64 0.08
[Co/Fe] −0.64 −0.74 −0.53 −0.73 −1.10 +0.31 + 0.25/ − 0.41
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