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Abstract. The neutron emission of the β-decay of 74,76,78,80 Ni are studied within the quasiparticle random phase approximation with the Skyrme interaction. The coupling between
one- and two-phonon terms in the wave functions of the low-energy 1+ states of the
daughter nuclei is taken into account. It is shown that the strength decrease of the neutronproton tensor interaction leads to the increase of the half-life and the neutron-emission
probability.

Study of the β-decay properties of the nuclei near the doubly magic isotope 78 Ni plays the crucial
role in the modeling of the astrophysical r-process [1]. The multi-neutron emission is a multistep process consisting of the β-decay of the parent nucleus (N, Z) which results in feeding the excited states
of the daughter nucleus (N - 1, Z + 1) followed by the multi-neutron emissions to the ground state
or γ-deexcitation to the ground state of the product nucleus (N - 1 - X, Z + 1) [2]. The microscopic
study of the β-decay half-lives and the β-delayed neutron-emission probabilities of the nuclei with
high N/Z ratio asymmetry makes it possible to reconstruct the β-strength function [2, 3]. Taking into
account the tensor interaction has a substantial effect on the Gamow–Teller (GT) transitions within
the β-decay window [4]. A redistribution of the GT strength has been found due to the impact of the
tensor correlations and 2p-2h fragmentation of the GT transitions [5].
One of the successful tools for studying charge-exchange nuclear modes is the quasiparticle random phase approximation (QRPA) with the self-consistent mean-field derived from a Skyrme energydensity functional (EDF), see e.g., [6–9]. These QRPA calculations enable one to describe the properties of the ground state and excited charge-exchange states using the same EDF. As proposed in
Ref. [10], the study of the multineutron emission, following the β-decay, requires taken into account
the phonon-phonon coupling (PPC). The finite rank separable approximation (FRSA) [11–13] for the
residual interaction allows one to perform the calculations in large configurational spaces.
In this paper, we investigate the impact of the tensor correlations on the probability of the neutron
emission. As the parameter set in the particle-hole channel, we use the Skyrme EDFs TI J [14], which
take into account the tensor terms. Indices I and J refer to the proton-neutron (β) and like-particle (α)
coupling constants that define the contribution to the spin-orbit potential from the J2 terms:
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Figure 1. (Color online) Deformation energy curve as a function of the mass quadrupole deformation. The
curves of 74 Ni, 76 Ni, 78 Ni and 80 Ni are denoted by the dotted, dashed, solid, and dash-dotted lines respectively.
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where ρq , Jq (q = n, p) are the nucleon density and the spin-orbit current respectively. The parameter
W0 describes the strength of the spin-orbit force.
The starting point is the HF-BCS calculation of the ground state properties of the even-even parent
nucleus (N,Z) within a spherical symmetry assumption. The continuous part of the single-particle
spectrum is discretized by diagonalizing the HF hamiltonian on a harmonic oscillator basis. The
pairing correlations are generated by a zero-range force with a strength V0 = −270 MeV fm3 . This
value of the pairing strength has been fitted to reproduce the odd-even mass difference in the studied
region of nuclei [15, 16].
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where Pσ is the spin-exchange operator and ρ0 is the nuclear matter density. We use f = 1 i.e. the
realization of the SU(4) symmetry [17]. In this work, we use volume pairing forces (η = 0). The
binding energies of the daughter B(N − 1, Z + 1) and final nuclei B(N − 1 − X, Z + 1) are calculated
with the blocking effect for unpaired nucleons [18].
Keeping spherical symmetry might not be that bad for 74,76,78,80 Ni. In fig. 1, we show the HFBCS energy curve obtained with a constraint on the mass quadrupole moment Q2 as a function of the
dimensionless quadrupole deformation β2 :

5 4πQ2
β2 =
,
(5)
16π 3R2 A
where the radius constant is given by R = 1.2A1/3 fm. The deformation energies are obtained using
the EV8 code [19] that solves the HF-BCS equations for the same EDF via a discretization of the
quasiparticle wave function on a three-dimensional Cartesian mesh.
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The correct description of the Qβ values for the parent nuclei and the neutron separation energies
(S n , S 2n ) for the daughter nuclei is the important ingredient for the reliable prediction of the neutronemission probability. The Qβ -value and the neutron separation energies are given by
Qβ = ∆Mn−H + B(N − 1, Z + 1) − B(N, Z),

(6)

S xn = B(N − 1, Z + 1) − B(N − 1 − X, Z + 1).

(7)

∆Mn−H = 0.782 MeV is the mass difference between the neutron and the hydrogen atom. Skyrme
EDFs T43 and T45 has been selected to reproduce the experimental Qβ and S n values (see fig. 2),

and enough positive value of the spin-isospin Landau parameter (G0 ≥ 0.1) [20]. The parameter
set T43 corresponds to the relatively strong (β/α = 2.0) neutron-proton tensor correlations and set
T45 corresponds to the weak (β/α = 0.7) neutron-proton tensor correlations with respect to the likeparticle tensor part. The results of the HF-BCS calculations with the EDFs T43 and T45 are in a
reasonable agreement with the experimental data [21, 22] (see Ref. [23] for more details).

Figure 2. (Color online) The β-decay energy Qβ of 74,76,78,80 Ni and one- and two-neutron separation energies of
Cu isotopes with the same mass number, calculated with Skyrme forces T43 and T45. Experimental data are
taken from the Ref. [21, 22].

To build the QRPA equations on the basis of HF-BCS quasiparticle states of the parent nucleus
is the standard procedure [24]. Using the FRSA model, the QRPA eigenvalues (Ek ) are obtained as
the roots of the secular equation [11–13], and we carry out QRPA calculations in very large twoquasiparticle spaces. To take into account the PPC effects we construct the wave functions from a
linear combination of one-phonon and two-phonon configurations [5]
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where λ denotes the total angular momentum and µ is its z-projection in the laboratory system. The
ground state of the parent nucleus (N, Z) is the QRPA phonon vacuum |0. The wave functions
Q+λµi |0 of the one-phonon excited states of the daughter nucleus (N - 1, Z + 1) are described as
linear combinations of 2qp configurations; Q̄+λµi |0 is a one-phonon excitation of the parent nucleus
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Table 1. The half-lives and the neutron-emission probabilities for the β-decay 74,76,78,80 Ni calculated with
Skyrme interactions T43 and T45. Experimental data are taken from the Ref. [21].

A
74
76
78
80

T43
T 1/2 , 10−3 s
40
19
10
4

P1n , %
1
9
12
80

P2n , %
0
0
0
19

T45
T 1/2 , 10−3 s
281
162
115
40

P1n , %
3
11
100
0

P2n , %
0
0
0
94

Experiment
T 1/2 , 10−3 s
507.7±4.6
234.6±2.7
122.2±5.1
23.9 +26.0
−17.2

(N, Z). All one- and two-phonon configurations with the excitation energy of the daughter nucleus up
to 19 MeV are included. Simultaneous taking into account the effects from the tensor force and the
phonon-phonon coupling allows us not to use any quenching factors [25].
In the allowed GT approximation, the β− -decay half-life is expressed by summing the probabilities
(in units of G2A /4π) of the energetically allowed transitions (EkGT ≤ Qβ ) weighted with the integrated
Fermi function
 2 
−1
−1 G A
T 1/2 = D
f0 (Z + 1, A, EkGT )B(GT )k ,
(9)
GV
k
EkGT = Qβ − E1+k ,

(10)

where G A /GV =1.25 and D=6147 s [26]. E1+k denotes the excitation energy of the 1+k state of the
daughter nucleus. As proposed in Ref. [6], this energy can be estimated by the following expression:
E1+k ≈ Ek − E2qp,lowest .

(11)

The difference in the characteristic time scales of the β-decay and subsequent neutron emission
processes justifies an assumption of their statistical independence. As proposed in Ref. [27], the P xn
probability of the βxn emission accompanying the β-decay to the excited states in the daughter nucleus
can be expressed as
 2 
−1 G A
f0 (Z + 1, A, EkGT
P xn = T 1/2 D
 )B(GT )k ,
GV

k
where the GT transition energy (EkGT
 ) is located within the neutron emission window Qβxn ≡ Qβ −S xn .
The impact of the tensor interaction on the half-lives and the probabilities of β-delayed neutron
emission is shown in the table. The half-life description of 74−80 Ni, obtained with the T45 EDF, are
in a reasonable agreement with the experimental data [21]. The strong neutron-proton tensor force in
the case of T43 set leads to the reduction of the β-decay half-lives for all studied Ni isotopes. In case
of the β-decay of 76 Ni the neutron-emission probabilities, calculated with T43 and T45 EDFs, are in a
reasonable agreement with the experimental data, Ptot = 14.0 ± 3.6% [21]. The N = 50 shell-closure
is reflected in the tensor-force effect, as is shown in the table.
The neutron emission of the β-decay of 74,76,78,80 Ni are studied within the quasiparticle random
phase approximation with the Skyrme interaction taking into account the tensor terms. The coupling
between one- and two-phonon terms in the wave functions of the low-energy 1+ states of the daughter
nuclei is taken into account. It is shown that the reduction of the neutron-proton tensor interaction
leads to the increase of the half-life and the neutron-emission probability. The results of calculations
with the Skyrme interaction T45 are in a reasonable agreement with available experimental data.
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Lett. 117, 092502 (2016)
[2] I. N. Borzov, Phys. Rev. C 71, 065801 (2005)
[3] I. N. Borzov, EPJ Web of Conf. 107, 06002 (2016)
[4] F. Minato, C. L. Bai, Phys. Rev. Lett. 110, 122501 (2013); 116, 089902(E) (2016).
[5] A. P. Severyukhin, V. V. Voronov, I. N. Borzov, N. N. Arsenyev, Nguyen Van Giai, Phys. Rev. C
90, 044320 (2014)
[6] J. Engel, M. Bender, J. Dobaczewski, W. Nazarewicz, R. Surman, Phys. Rev. C 60, 014302 (1999)
[7] M. Bender, J. Dobaczewski, J. Engel, W. Nazarewicz, Phys. Rev. C 65, 054322 (2002)
[8] S. Fracasso, G. Colò, Phys. Rev. C 76, 044307 (2007)
[9] C. L. Bai, H. Sagawa, H. Q. Zhang, X. Z. Zhang, G. Coló, F. R. Xu, Phys. Lett. B 675, 28 (2009)
[10] A. P. Severyukhin, N. N. Arsenyev, I. N. Borzov, E. O. Sushenok, Phys. Rev. C 95, 034314
(2017)
[11] Nguyen Van Giai, Ch. Stoyanov, V. V. Voronov, Phys. Rev. C 57, 1204 (1998)
[12] A. P. Severyukhin, V. V. Voronov, Nguyen Van Giai, Prog. Theor. Phys. 128, 489 (2012)
[13] A. P. Severyukhin, H. Sagawa, Prog. Theor. Exp. Phys. 2013, 103D03 (2013)
[14] T. Lesinski, M. Bender, K. Bennaceur, T. Duguet, J. Meyer, Phys. Rev. C 76, 014312 (2007)
[15] A. P. Severyukhin, V. V. Voronov, Nguyen Van Giai, Phys. Rev. C 77, 024322 (2008)
[16] A. P. Severyukhin, N. N. Arsenyev, N. Pietralla, Phys. Rev. C 86, 024311 (2012)
[17] Yu. V. Gaponov, Yu. S. Lyutostansky, Sov. Phys. Part. Nucl. 12, 1324 (1984)
[18] V. G. Soloviev, Kgl. Dan. Vid. Selsk. Mat. Fys. Skr. 1, 238 (1961)
[19] P. Bonche, H. Flocard, P. H. Heenen, Comput. Phys. Commun. 171, 49 (2005)
[20] A. P. Severyukhin, E. O. Sushenok, Phys. Atom. Nucl. 78, 680 (2015)
[21] M. Birch, B. Singh, I. Dillmann, D. Abriola, T. D. Johnson, E. A. McCutchan, A. A. Sonzogni,
Nuclear Data Sheets 128, 131 (2015)
[22] M. Wang , G. Audi, A. H. Wapstra, F. G. Kondev, M. MacCormick, X. Xu, B. Pfeiffer, Chin.
Phys. C 36(12), 1603 (2012)
[23] E. O. Sushenok, A. P. Severyukhin, N. N. Arsenyev, I. N. Borzov, Phys. Atom. Nucl. 81, 15-22
(2018)
[24] J. Terasaki, J. Engel, M. Bender, J. Dobaczewski, W. Nazarewicz, M. Stoitsov, Phys. Rev. C 71,
034310 (2005)
[25] G. F. Bertsch, I. Hamamoto, Phys. Rev. C 26, 1323 (1982)
[26] J. Suhonen, From Nucleons to Nucleus (Springer-Verlag, Berlin, 2007)
[27] A. C. Pappas, T. Sverdrup, Nucl. Phys. A 188, 48 (1972)

5

