Systematical calculation of probabilities of beta-delayed neutron emission and fission in the entire region of nuclear chart
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Abstract: 

In the very neutron-rich nuclei, the beta-decay occurs with some accompanying process as neutron emissions.  The beta-delayed fission also take place in the superheavy nuclear mass region. The beta-decayed neutron process is an important phenomenon for manipulating nuclear reactor, and the beta-delayed fission critically affects the termination of the r-process nucleosynthesis in stars. We performed a systematical calculation of probabilities of beta-delayed neutron and beta-delayed fission in the entire region of nuclear chart with the improved gross theory of beta-decay and the KTUY mass model. This work was financially supported by the Japan Society for the Promotion of Science KAKENHI (Grants No. 18K03631 and No. 17H06090) as programs ‘Effects of fission to isotopic abundances on the r-process synthesis in star’ and ‘Study of the origin of heavy elements using an innovative mass spectrograph’.


1. Introduction
The − decay occurs with a weak interaction in the neutron-rich nuclear mass region and nucleus releases electron, gamma-ray and anti-neutrino. Many neutron-rich nuclei can emit neutrons through  decay, called delayed neutrons. Delayed neutrons play an important role in allowing nuclear reactors to be safely controlled, due to the delay that occurs between neutron-induced fission events and their eventual emission. Moreover, in the superheavy nuclear mass region, some of nuclei occur fission process due to the repulsive Coulomb force between protons.  Regarding the beta decay, beta-delayed fission can occur if the fission barrier of daughter nucleus is lower than the beta-decay Q-value of parent nucleus. These nuclei are expected to be very neutron-rich and superheavy nuclear mass region.
In order to estimate  -decay rate, delayed neutron probability, and delayed fission probability theoretically, calculation of the nuclear matrix elements of the  decay is required. The gross theory is a type of macroscopic model to describe various -decay properties. It is based on sum rules of the -decay strength function, and treats the transitions to all the final nuclear levels in a statistical manner. The gross theory has been successful in describing  decay for the entire nuclear mass range [1–6]. The results of the gross theory provide a guide to experiments on  decay, especially, for newly measured nuclear data of very neutron-rich nuclei, and for purely theoretical nuclear data extremely far from known nuclei. Due to its statistical treatment, the gross theory only describes macroscopic features.  Recently, we have introduced a treatment of spin and parity to the gross theory, and improve decay rate in especially the forbidden transition [7-9]. 
In this report, we performed a systematical calculation of probabilities of beta-delayed neutron and beta-delayed fission in the entire region of nuclear chart with the improved gross theory of beta-decay and the KTUY nuclear mass model [10] and fission barrier calculation [11].

2. Beta decay
The decay constant of the -decay can be divided by the types of β-decay operators, , and the decay constant is obtained as the sum of partial decay constants, λ. If we take in to account the allowed and first forbidden transitions, the total β-decay rate is expressed as



where the right-hand represents the decay rates of the Fermi transition, Gamow-Teller transition, and the first-forbidden transitions. The first two terms are the allowed transition.
Under the usual approximation, each decay rate can be written with the nuclear matrix elements, |M(E )|, which can be calculated in the framework of the nuclear physics, and the integrated Fermi function, f , which represents a distortion of wave functions due to the Coulomb force. The actual expressions for allowed transition are





[image: ]Here, the coefficients are composed of the coupling constant of the weak interaction and the physical constants as the mass of electron, me, the light velocity, c, the Planck constant per 2, . The coupling constant of the weak interaction has two types: the vector type as  and the axial vector type as  , respectively. The integral is performed from −Q to 0 and Q is the total (maximum) decay energy from the ground-state of parent to daughter nuclei, or -decay Q-value. Figure 1: Illustration of beta decay and beta-delayed fission 

[image: ]The emission of delayed neutrons is a phenomenon that accompanies  decay. Figure 1 shows a schematic illustration of the  decay and delayed neutron emission processes. In  decay, a nucleus decays from the parent ground state to a particular daughter state. If the neutron separation energy for the daughter nucleus, Sn, is smaller than Q, the nucleus can emit a neutron with an energy from 0 to Q − Sn, measured from the ground state of the parent nucleus. This process occurs in the transmission process of the quantum mechanics. The situation of beta-delayed fission is the same as the delayed neutron (Fig. 2). However, the fission process occurs in the tunneling penetration, which is rather different from the neutron emission. The decay width of delayed neutron emission and delayed fission probabilities are calculated by the following expressions as: Figure 2: Illustration of beta-delayed neutron and beta-delayed fission. 





With the use of these decay widths and that of gamma transition, , The probabilities of beta-delayed neutron and beta-delayed fission are calculated as

Where, k is indication is the decay process (‘n’ for delayed neutron, and ‘f’ for delayed fission). The coefficient C is a constant related to the coefficients outside the integrals. The decay constant of the beta decay, , and the beta-decay strength function, , are calculated from the improved gross theory [7-9].
[image: ]
3. Results
[image: ][image: ]Figure 3 shows examples of calculated beta-delayed neutron emission probabilities.  Due to the shell closures from the KTUY nuclear mass model, discontinuity of the probabilities along N=82, 126, 184, and 228 appear.  Generally, the gradual increasing of probabilities with increasing of neutron-rich can be seen.  This trend continues even in the superheavy nuclear mass region.
The beta-delayed fission probabilities are also shown in Figure 4.  In the landscape of fission-barrier height with the KTUY mass model in super- and extremely super-heavy mass region, the “conventional” island of stability is found near nuclei with Z=114 and N=184, while there is “peninsula” along N=228, which appeared in Ref. [11].  The N=228 peninsula is caused by single-particle shell gap of N=228 appears in Ref. [12]. Thies properties affect the beta-delayed fission probabilities. In Fig. 4, there is lower probabilities around Z=126 and N=228.  This trend comes from higher fission barrier of the KTUY model around the same region. Below the region of N=228, beta-delayed fission process is limited only along beta-stable mass region, [image: ]which locates nearly Z=114 and N=184, and Z=126 and N=228.  Above the region of N=228, beta-delayed fissioning region dominates. The beta-delayed fission affects the abundance of the rapid neutron capture process (r-process) in stars.  The fission acts as termination and probably recycling of synthesis of nuclides.Figure 3: Examples of beta-delayed neutron emission probabilities for one-, two- and three- neutron emissions. The long-lived nuclei (black square) are indicated, and estimated proton and neutron-drip lines are also plotted (gray).
[bookmark: _GoBack]Figure 4: Beta-delayed fission probabilities.  The black points indicate experimentally-identified nuclides until 2018, from the chart of the JAEA nuclides 2018 [13]. 
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