arXiv:0903.3093v1 [nucl-th] 18 Mar 2009

1

Deformation and weak decay of Λ hypernuclei

K. Hagino, Myaing Thi Win, and Y. Nakagawa Department of Physics, Tohoku University, Sendai, 980-8578, Japan

We use the self-consistent mean-field theory to discuss the ground state and decay properties of Λ hypernuclei. We first discuss the deformation of Λ hypernuclei using the relativistic mean-field (RMF) approach. We show that, although most of hypernuclei have a similar deformation parameter to the core nucleus, the shape of^{28}Si is drastically altered, from oblately deformed to spherical, if a Λ particle is added to this nucleus. We then discuss the pionic weak decay of neutron-rich Λ hypernuclei using the Skyrme Hartree-Fock + BCS method. We show that, for a given isotope chain, the decay rate increases as a function of mass number, due to the strong neutron-proton interaction.

Keywords: Nuclear deformation, mean field theory, pionic decay.

1. Introduction

The self-consistent mean-field method has been a standard approach to the description of ground state properties of atomic nuclei.^1 It has been extensively applied also to hypernuclei,^{2–5} in which the mass number dependence of Λ binding energy has been successfully reproduced, from a light nucleus 12 ΛC to a heavy nucleus^{208}_ΛPb.

In this contribution, we employ the self-consistent mean-field approach to discuss the structure and decay of Λ hypernuclei. In the first part, we discuss the deformation of Λ hypernuclei.^6 It has been well known that many open-shell nuclei are deformed in the ground state. By allowing the rotational symmetry to be broken in the mean-field potential, the meanfield theory provides an intuitive and transparent view of the nuclear deformation.^1 Recently, the deformation property of Λ hypernuclei has been explored in a broad mass region using the non-relativistic Skyrme Hartree- Fock method.^7 Here we carry out a similar study using the relativistic mean field (RMF) method as an alternative choice of effective NN and NΛ interactions.

In the second part, we discuss the weak decay of neutron-rich Λ hyper-

2 nuclei. Neutron-rich nuclei are one of the current topics in nuclear physics. In connection to hypernuclear physics, there have been discussions on an extension of neutron-drip line as a consequence of an additional Λ particle.^{8,9} It has been well known that, in finite nuclei, the mesonic (pionic) decay, Λ → Nπ, is largely Pauli-suppressed as the mass number increases, and the non-mesonic decay, ΛN → NN, is the dominant decay mode.^{10,11} However, it has not been known well how the pionic decay mode is suppressed as the neutron number increases for a fixed value of proton number. Here we address this question for relatively light neutron-rich hypernuclei using the non-relativistic Skyrme Hartree-Fock method.

2. Deformation of Λ hypernuclei

Let us first discuss the deformation of Λ hypernuclei.^6 In the RMF approach, nucleons and a Λ particle are treated as structureless Dirac particles, interacting through the exchange of virtual mesons, that is, the isoscalar scalar σ meson, the isoscalar vector ω meson, and the isovector vector ρ meson. The photon field is also taken into account to describe the Coulomb interaction between protons. The effective Lagrangian for Λ hypernuclei may be given as^{3,8} L = L_N + ψ̄_Λ [γ_μ (i∂^μ − g_{ωΛ}ω^μ) − m_Λ − g_{σΛ}σ] ψ_Λ, (1) where ψ_Λ and m_Λ are the Dirac spinor and the mass for the Λ particle, respectively. Notice that the Λ particle couples only to the σ and ω mesons, as it is neutral and isoscalar. L_N in Eq. (1) is the standard RMF Lagrangian for the nucleons.

We solve the RMF Lagrangian (1) in the mean field approximation. The variational principle leads to the Dirac equations for the nucleons and the Λ particle, and the Klein-Gordon equation for the mesons. We solve these equations iteratively until the self-consistency condition is achieved. For this purpose, we modify the computer code RMFAXIAL^{12} to include the Λ particle. The pairing correlation among the nucleons is also taken into account in the constant gap approximation.

With the self-consistent solution of the RMF equations, we compute the intrinsic quadrupole moment of the hypernucleus, Q = √ 16π 5 ∫ d⃗r [ρ_v(⃗r) + ψ^†_Λ(⃗r)ψ_Λ(⃗r)] r^2Y_{20}(^⃗r), (2)

from which we estimate the quadrupole deformation parameter β_2.

Figure 1 shows the deformation parameter for the ground state of Si isotopes obtained with the NL3 parameter set.^{13} The dashed line is the

3

Fig. 1. Quadrupole deformation parameter for Si isotopes obtained with the RMF method with the NL3 parameter set. The dashed line is the deformation parameter for the core nucleus, while the solid line is for the corresponding hypernucleus.

Fig. 2. The density profile for the^{28}Si (the left panel) and for the^{29}_ΛSi (the right panel) obtained with the RMF method. It is plotted with the cylindrical coordinate (z, ρ), where the z axis is the symmetry axis. The unit for the density is fm^{−3}.

deformation parameter for the even-even core nuclei, while the solid line is for the corresponding hypernuclei. We see that the deformation parameter for the^{28,30,32}Si nuclei is drastically changed when a Λ particle is added, although the change for the other Si isotopes is small. That is, the^{28,30,32}Si nuclei have oblate shape in the ground state. When a Λ particle is added to these nuclei, remarkably they turn to be spherical. The corresponding density profile for^{28,28+Λ}Si is shown in Fig. 2. The potential energy surfaces

4 for the^{28,28+Λ}Si nuclei are shown in Fig. 3. The energy surface for the^{28}Si nucleus shows a relatively shallow oblate minimum, with a shoulder at the spherical configuration. The energy difference between the oblate and the spherical configurations is 0.754 MeV, and could be easily inverted when a Λ particle is added.

Fig. 3. The potential energy surface for the^{28}Si (the dashed line) and^{28+Λ}Si (the solid line) nuclei obtained with the constrained RMF method with the NL3 parameter set. The energy surface for^{28+Λ}Si is shifted by a constant amount as indicated in the figure.

3. Mesonic decay of neutron-rich Λ hypernuclei

Let us next discuss the pionic decay of neutron-rich Λ hypernuclei. To this end, we use the formalism given in Ref.,^{14} where the standard Hamiltonian for the pionic decay of Λ particle is evaluated with single-particle wave functions obtained with a mean-field approximation. Here, we use the Skyrme-Hartree-Fock method with SIII parameter set.^{15} As for the ΛN interaction, we use the parameter set No. 1 given in Ref.^2 The pairing among nucleons is taken into account in the BCS approximation with a densitydependent contact interaction. Continuum states are discretized within a large box.

Figure 4 shows the pionic decay width for C isotopes obtained in this way. The final state interaction of pion is not taken into account. The dashed and dotted lines show the decay width for the proton (Λ → p + π^−) and the neutron (Λ → n + π^0) modes, respectively. The total width is denoted by the solid line. These are plotted in unit of the total decay width of a free Λ particle, Γ^{(free)}_{tot} =2.50×10^{−12} MeV. One sees that the decay width for the

5

Fig. 4. The pionic decay width for C hypernuclei obtained with the Skyrme Hartree- Fock method. The dotted and dashed lines are for the neutron and the proton modes, respectively, while the solid line shows the total width. These are plotted in unit of the total decay width of a free Λ particle, Γ^{(free)}_{tot} =2.50×10^{−12} MeV.

neutron mode is suppressed due to the Pauli principle, as expected. On the other hand, that for the proton mode is increased in neutron-rich nuclei. A similar conclusion has been obtained also with shell model calculations.^{16}

Fig. 5. The single-particle potentials for^{12}C (the left panel) and for^{22}C (the right panel). For each panel, the proton well is shown on the left hand side, while the neutron well is shown on the right hand side. The occupied levels are denoted by the dotted lines, while the unoccupied levels are denoted by the solid line.

This behaviour can be understood if we consider a change in the meanfield potential. Fig. 5 shows the single-particle potentials for^{12,22}C. The occupied and the unoccupied levels are denoted by the dotted and the solid lines, respectively. As the number of neutron increases, the proton mean-field potential is deepened whereas the neutron mean-field potential becomes shallower. This is because of a strong neutron-proton interaction.

6 As the proton single-particle potential well is deep, the number of bound (unoccupied) levels increases. At the same time, the momentum of the emitted pion increases. Both of these facts result in the enhancement of pionic decay width in neutron-rich nuclei, as shown in Fig. 4.

4. Summary

We have first used the relativistic mean field (RMF) theory to investigate quadrupole deformation of Λ hypernuclei. We have shown that, while an addition of Λ particle does not influence much the shape of many nuclei,^{28}Si makes an important exception. That is, we have demonstrated that the Λ particle makes the shape of this nucleus change from oblate to spherical. In the second part, we investigated the pionic decay of neutron-rich Λ hypernuclei. We have shown that the neutron mode is largely Pauli-suppressed as the number of neutron increases, while the decay width for the proton mode increases. We have argued that this is because the proton mean-field potential is deepened in neutron-rich nuclei.

Acknowledgments

We thank H. Tamura, T. Koike, H. Sagawa, H.-J. Schulze, and T. Motoba for useful discussions. This work was supported by the Japanese Ministry of Education, Culture, Sports, Science and Technology by Grant-in-Aid for Scientific Research under the program number 19740115.

References 1. M. Bender et al., Rev. Mod. Phys. 75, 121 (2003). 2. M. Rayet, Nucl. Phys. A367, 381 (1981). 3. M. Rufa et al., Phys. Rev. C42, 2469 (1990).

4. D.E. Lanskoy and Y. Yamamoto, Phys. Rev. C55, 2330(1997). 5. J. Mares and B.K. Jennings, Phys. Rev. C49, 2472 (1994). 6. Myaing Thi Win and K. Hagino, Phys. Rev. C78, 054311 (2008). 7. X.-R. Zhou et al., Phys. Rev. C76, 034312 (2007). 8. D. Vretenar et al., Phys. Rev. C57, R1060 (1998). 9. X.-R. Zhou et al., Phys. Rev. C78, 054306 (2008). 10. J. Cohen, Prog. Part. Nucl. Phys. 25, 139 (1990). 11. Y. Sato et al., Phys. Rev. C71, 025203 (2005). 12. P. Ring et al., Comp. Phys. Comm. 105, 77 (1997). 13. G.A. Lalazissis, D. Vretenar, and P.Ring, Phys. Rev C55, 540 (1997) 14. H. Bando and H. Takaki, Prog. Theo. Phys. 72, 106 (1984). 15. M. Beiner et al., Nucl. Phys. A238, 29 (1975).

16. T. Motoba and K. Itonaga, Prog. Theo. Phys. Suppl. 117, 477 (1994).