

  universe-10-00128




universe-10-00128







Universe 2024, 10(3), 128; doi:10.3390/universe10030128




Article



Re-Examination of the Effect of Pairing Gaps on Gamow–Teller Strength Distributions and β-Decay Rates



Jameel-Un Nabi 1,†, Muhammad Riaz 2,*,† and Arslan Mehmood 1





1



Department of Physics, University of Wah, Quaid Avenue, Wah Cantt 47040, Pakistan






2



Department of Physics, University of Jhang, Jhang 35400, Pakistan









*



Correspondence: mriaz@uoj.edu.pk






†



These authors contributed equally to this work.









Citation: Nabi, J.-U.; Riaz, M.; Mehmood, A. Re-Examination of the Effect of Pairing Gaps on Gamow–Teller Strength Distributions and β-Decay Rates. Universe 2024, 10, 128. https://doi.org/10.3390/universe10030128



Academic Editors: Mihai Horoi, Hiro Ejiri, Andrei Neacsu, Máté Csanád and Jouni Suhonen



Received: 17 December 2023 / Revised: 31 January 2024 / Accepted: 4 March 2024 / Published: 6 March 2024



Abstract

:

 β -decay is one of the key factors for understanding the r-process and evolution of massive stars. The Gamow–Teller (GT) transitions drive the  β -decay process. We employ the proton–neutron quasiparticle random phase approximation (pn-QRPA) model to calculate terrestrial and stellar  β -decay rates for 50 top-ranked nuclei possessing astrophysical significance according to a recent survey. The model parameters of the pn-QRPA model affect the predicted results of  β -decay. The current study investigates the effect of nucleon–nucleon pairing gaps on charge-changing transitions and the associated  β  decay rates. Three different values of pairing gaps, namely TF, 3TF, and 5TF, were used in our investigation. It was concluded that both GT strength distributions and half-lives are sensitive to pairing gap values. The 3TF pairing gap scheme, in our chosen nuclear model, resulted in the best prediction with around 80% of the calculated half-lives within a factor 10 of the measured ones. The 3TF pairing scheme also led to the calculation of the biggest  β -decay rates in stellar matter.
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1. Introduction


The nuclear reactions mediated by weak interactions play a crucial role in the presupernova evolution of massive stars [1]. The   β ±   decay, electron, and positron capture are the fundamental weak interaction processes that occur during the presupernova phases. The  β -decay and electron capture are transformations that produce (anti)neutrinos. A change of lepton-to-baryon fraction (  Y e  ) of the core matter affects the dynamics of collapse and subsequent explosion of the massive stars [2,3]. Two important parameters to determine the dynamics of core-collapse are the time rate of   Y e   and the entropy of the core material [4]. The weak interaction-mediated rates play an important role in stellar processes including hydrostatic burning and pre-supernova evolution of massive stars. The study of stellar weak interaction rates is a key area for investigation due to its significant contribution in understanding of pre-supernova evolution of massive stars. The core-collapse simulation depends on reliable computation of ground- and excited-states Gamow–Teller (GT) strength functions [4]. A substantial number of unstable nuclei are present in the core with varying abundances. Weak interactions of these nuclei in stellar matter may contribute to a better understanding of the complex dynamics of core-collapse. Once an iron core develops in a giant star’s later stages of evolution, there is no more fuel available to start a new burning cycle. Lepton capture and photo-disintegration processes lead to the core’s increasing instability and eventual collapse. The number of electrons available for pressure support is reduced by the electron capture process, whereas degeneracy pressure is enhanced during  β  decays [5]. Few recent papers highlighting the impact of  β -decays on late stellar evolution include Refs. [6,7,8,9,10].



Determination of  β -decay rates is also required for the nucleosynthesis (s-, p-, and r-) processes [11,12]. The r-process synthesizes half of the elements heavier than iron [12]. The site of r-process remains uncertain to date [13,14,15]. Pre-requisites include high neutron densities and core temperatures. In recent years, much experimental work has been conducted to study the nuclear properties of exotic nuclei. Since the majority of these nuclei cannot be created under lab conditions, microscopic calculations of stellar weak-decay properties have gained importance in our quest to comprehend stellar processes. Numerous computations have focused on the mechanisms underlying stellar development and nucleosynthesis (e.g., [16,17,18,19,20,21]).



The  β -decay half-lives were estimated with the help of gross theory [18]. With the advancement of computing and new technologies, the calculation of ground and excited states GT strength distributions gained the attention of many researchers. The charge-changing reaction rates in the stellar environment were estimated using several nuclear models. Fuller, Fowler, and Newman made the first substantial effort to compute the astrophysical rates using the independent particle model (IPM) [22]. To enhance the reliability of their calculation, they took into account the measurable data that were available at the time. Later, many other sophisticated nuclear models were used to calculate reduced transition probabilities of GT transitions. Noticeable mentions include the shell model Monte Carlo technique (e.g., [23]), thermal quasiparticle random-phase approximation, QRPA (e.g., [24,25,26]), density functional theory (e.g., [19]), the Hartree–Fock–Bogoliubov method (e.g., [20]), and the shell model (e.g., [21]).



The current study investigates the effect of pairing gaps on the calculated GT strength functions and the associated  β -decay rates under terrestrial and stellar conditions. The  β -decay properties were studied using the quasiparticle random phase approximation model with a separable multi-shell schematic and a separable interaction in addition to the axially symmetric-deformed mean-field calculation. Previously, similar investigations were performed separately for   s d  - [27] and   f p  -shell nuclei [28,29]. Recently, a list was published detailing the top 50 nuclei capable of electron capturing and  β  decaying, which have the largest effect on   Y e   from conditions after silicon core burning to those preceding core collapse and neutrino trapping [30]. This investigation led to the identification of the most important weak interaction nuclei in the presupernova evolution of massive stars. To achieve this goal, an ensemble containing 728 nuclei in the mass range of A = (1–100) was considered. The idea was to sort nuclei having the largest effect on   Y e   following silicon core burning, by averaging the contribution from each nucleus to    Y e  ˙   (the time rate of change of the lepton fraction) across the entire selected stellar trajectory. In the current project, we specifically focus on the top-ranked 50 nuclei as per the findings of Ref. [30] (with   β −   as the dominant decay mode [31]), and study the effect of pairing gaps on the  β -decay properties of these nuclei.



Pairing gaps are some of the most important parameters in the pn-QRPA model. We should note that the present investigation includes neutron–neutron and proton–proton pairing correlations, which only have isovector contributions. For the isoscalar part, one has to include the neutron–proton (  n p  ) pairing correlations, which is not considered in the present manuscript. The current pn-QRPA model is limited as it ignores the neutron–proton   n p   pairing effect and the incorporation of   n p   pairing may be focused on in a future assignment. Such kinds of calculations were performed earlier by the author in Ref. [32], albeit only for N = Z + 2 nuclei. The conclusions of their study stated that isoscalar interaction behaves in a fashion similar to the tensor force interaction. The calculations presented in Ref. [32] showed that the tensor force shifts the GT peak to lower excitation energies. Incorporating the tensor force may result in lower centroid values of the calculated GT strength distributions and could lead to higher values of calculated  β -decay rates. To compensate, the same effect of shifting the calculated  β  strength to lower excitation energies in the current pn-QRPA model was achieved by incorporating particle–particle forces (see Section 2 of Ref. [33]). The pairing energy of identical nucleons in even–even isotopes can be estimated using a variety of methods based on the masses of neighboring nuclei, but despite extensive study, the question of which relation most closely approximates the pairing interaction remains open for debate [34,35,36,37]. We chose to employ three different recipes for the calculation of pairing gaps in our investigation. Details follow in the next section.



This paper is organized as follows: The theoretical framework used for calculations is described in Section 2. Section 3 presents the discussion of our investigation. Finally, the summary and concluding remarks of the present work are presented in Section 4.




2. Formalism


The Hamiltonian of the current pn-QRPA model is given as follows:


   H  p n − Q R P A   =  H  s p   +  V  p a i r i n g   +  V  G T   p h   +  V  G T   p p   ,  



(1)




where   H  s p   ,   V  p a i r i n g   ,   V  G T   p h   , and   V  G T   p p    denote the single-particle Hamiltonian, pairing forces for the BCS calculation, and particle–hole (  p h  ) and particle–particle (  p p  ) interactions for GT strength, respectively. The single-particle eigenfunctions and eigenvalues were computed using the Nilsson model [38]. Other parameters essential for the solution of Equation (1) are nuclear deformation, the Nilsson potential parameter (NPP), Q-values, pairing gaps, and the GT force parameters. The Q-value for   β −   decay was calculated using the following:


  Q =  [ m   ( Z A  P )  − m   (  Z + 1  A  D )  ]   c 2  ,  



(2)




where P is the parent nucleus, D is the daughter nucleus, and m is the nuclear mass.



The nuclear deformation parameter (  β 2  ) was determined using the following formula:


   β 2  =   125 (  Q 2  )   1.44   ( A )   2 / 3    ( Z )    ,  



(3)




where   Q 2   is the electric quadrupole moment taken from [39]. The NPPs were chosen from [40]. The Nilsson oscillator constant was taken as   ћ ω = 41 /  A  + 1 / 3     in units of MeV, similar for neutrons and protons. Q-values were determined using the recent mass compilation [31].



The pairing gaps between nucleons were chosen using three different formulae. The first formula is used the most in the literature [33,41,42]. It has the same value for neutron–neutron and proton–proton pairings. It is given by the following:


   Δ  n n   =  Δ  p p   = 12 /  A  .  



(4)




This is the traditionally used formula for the calculation of pairing gaps. The second formula contains three terms and is based on the separation energies of neutrons and protons. It is given by the following:


   Δ  n n   =  1 8    ( − 1 )   A − Z + 1    [ 2  S n   ( A + 1 , Z )  − 4  S n   ( A , Z )  + 2  S n   ( A − 1 , Z )  ]   



(5)






   Δ  p p   =  1 8    ( − 1 )   1 + Z    [ 2  S p   ( A + 1 , Z + 1 )  − 4  S p   ( A , Z )  + 2  S p   ( A − 1 , Z − 1 )  ]  .  



(6)




The third recipe contains five terms and is a function of the binding energies of the nucleons. It is given by the following:


   Δ  n n   =  1 16   [ 2 B  ( Z , N − 2 )  − 8 B  ( Z , N − 1 )  + 12 B  ( Z , N )  − 8 B  ( Z , N + 1 )  + 2 B  ( Z , N + 2 )  ]   



(7)






   Δ  p p   =  1 16   [ 2 B  ( Z − 2 , N )  − 8 B  ( Z − 1 , N )  + 12 B  ( Z , N )  − 8 B  ( Z + 1 , N )  + 2 B  ( Z + 2 , N )  ]  .  



(8)




The values of binding energies were taken from Ref. [43]. Henceforth, in this text, we will refer to the first formula of pairing gaps as TF (one-term or a traditional formula), the second as 3TF (three-term formula), and the last formula as 5TF (five-term formula).



The spherical nucleon basis represented by (  c  j m  †   and   c  j m   ), with angular momentum j, and m as its z-component, was transformed into a deformed basis (  d  m α  †  ,   d  m α   ) using the following transformation:


                    d  m α  †  =  Σ j   D j  m α    c  j m  †  ,  



(9)




where   c †   and   d †   are the particle creation operators in the spherical and deformed bases, respectively. The transformation matrix, D, denotes a set of Nilsson eigenfunctions, and  α  represents the additional quantum numbers. Later, we used the Bogoliubov transformation to introduce the quasiparticle basis   (  a  m α  †  ,  a  m α   )  


               a  m α  †  =  u  m α    d  m α  †  −  v  m α    d   m ¯  α    



(10)






               a   m ¯  α  †  =  u  m α    d   m ¯  α  †  +  v  m α    d  m α      ( m > 0 )  ,  



(11)




where   m ¯   represents the time-reversed state of m. The occupation amplitudes satisfied the condition   v  m α  2   +   u  m α  2   = 1, and were computed using the BCS equations with pairing gaps given in Equations (4)–(8). The pn-QRPA theory deals with quasiparticle states of the proton–neutron systems and the correlations between them. The ground state is a vacuum for QRPA phonon,     Γ ^  ω   |   QRPA   > = 0  , with the phonon creation operator defined by the following:


       Γ ^  ω †   ( μ )     =     ∑  π , ν    X ω  π ν    ( μ )    a ^  π †    a ^   ν ¯  †  −  Y ω  π ν    ( μ )    a ^  ν    a ^   π ¯   ,     



(12)




where  ν  and  π , respectively, denote the single quasiparticle states of neutrons and protons. The sum runs over all possible   π ν  -pairs, satisfying   μ =  m π  −  m ν    = (0, ±1). The forward-going (  X ω  ) and backward-going (  Y ω  ) amplitudes are eigenvectors, whereas, energy ( ω ) denotes the eigenvalues of the well-known (Q)RPA equation:


      M   N      − N     − M          X     Y     = ω     X     Y     .  



(13)




The solution of Equation (13) was obtained for each projection value (  μ = 0 , ± 1  ). Matrix elements M and N were determined using the following:


      M  π ν ,  π ′   ν ′    =      δ  π ν ,  π ′   ν ′     (  ε π  +  ε ν  )         +  V  π ν ,  π ′   ν ′    p p    (  v π   v ν   v  π ′    v  ν ′   +  u π   u ν   u  π ′    u  ν ′   )         +  V  π ν ,  π ′   ν ′    p h    (  v π   u ν   v  π ′    u  ν ′   +  u π   v ν   u  π ′    v  ν ′   )  ,     



(14)






      N  π ν ,  π ′   ν ′    =      V  π ν ,  π ′   ν ′    p p    (  u π   u ν   v  π ′    v  ν ′   +  v π   v ν   u  π ′    u  ν ′   )         −  V  π ν ,  π ′   ν ′    p h    (  v π   u ν   u  π ′    v  ν ′   +  u π   v ν   v  π ′    u  ν ′   )  ,     



(15)




with


   V  π ν ,  π ′   ν ′    p p   =  V  π  ν ¯  ,  π ′    ν ′  ¯    ,  



(16)






   V  π ν ,  π ′   ν ′    p h   = −  V  π  ν ′  ,  π ′  ν   .  



(17)




The quasiparticle energies (   ε π  ,  ε ν   ) were obtained from the BCS calculations. We used separable GT residual forces, namely, particle–hole (  p h  ) and particle–particle (  p p  ) forces in our calculation. We took the   p p   GT force as follows:


   V  G T   p p   = − 2 κ  ∑ μ    ( − 1 )  μ    P ^  μ †    P ^   − μ   ,  



(18)




where


    P ^  μ †  =  ∑   j π   m π    j ν   m ν      〈   j ν   m ν   |    (  σ μ   τ −  )  †   |  j π   m π  〉    ( − 1 )    l ν  +  j ν  −  m ν      c ^    j π   m π   †    c ^    j ν  −  m ν   †  ,  



(19)




and the   p h   GT force as follows:


   V  G T   p h   = 2 χ  ∑ μ    ( − 1 )  μ    R ^  μ    R ^   − μ  †  ,  



(20)




where


    R ^  μ  =  ∑   j π   m π    j ν   m ν      〈   j π   m π   |   σ μ   τ −   |  j ν   m ν  〉    c ^    j π   m π   †    c ^    j ν   m ν    ,  



(21)




where  χ  and  κ  are the   p p   and   p h   GT force parameters, respectively. With the use of separable GT forces in our calculation, the RPA matrix equation reduced to a fourth-order algebraic equation. The method to determine the roots of these equations can be seen from [44]. This simplification saved the computational time when compared to the full diagonalization of the nuclear Hamiltonian (Equation (1)).



In the RPA formalism, excitations from the ground state (   J π  =  0 +   ) of an even–even nucleus are considered. The ground state of an odd–odd (odd-A) parent nucleus is expressed as a proton–neutron quasiparticle pair (one-quasiparticle) state of the smallest energy. Then two possible transitions are the phonon excitations (where the quasiparticle merely plays the role of a spectator) and the transition of the quasiparticle itself. In the latter case, correlations of phonons to the quasiparticle transitions were treated using first-order perturbation theory [24].



We next present quasiparticle transitions, the construction of phonon-related multi-quasiparticle states (representing nuclear-excited levels of even–even, odd-A, and odd–odd nuclei), and formulae for GT transitions within the current model using the recipe given in [44]. The occupation amplitudes of the quasiparticle states were calculated within BCS formalism using three different pairing gap values. The phonon-correlated one-quasiparticle states were defined by the following:


      |   π  c o r r    〉  =    a π †   | − 〉  +      ∑  ν , ω    a ν †   A ω †    ( μ )  | − 〉  〈 − |    [  a ν †   A ω †   ( μ )  ]  †   H 31   a π †   | − 〉          ×   E π   ( ν , ω )  ,     



(22)






      |   ν  c o r r    〉  =    a ν †   | − 〉  +      ∑  π , ω    a π †   A ω †    ( − μ )  | − 〉  〈 − |    [  a π †   A ω †   ( − μ )  ]  †   H 31   a ν †   | − 〉          ×   E ν   ( π , ω )  ,     



(23)




with


   E a   ( b , ω )  =  1   ϵ a  −  ϵ b  − ω          a , b = π , ν  ,  



(24)




and


      H 31  = ∑  V  π ν ,   π ′  ¯   ν ′     (  u π   u ν   v  π ′    u  ν ′   −  v π   v ν   u  π ′    v  ν ′   )   (  a π †   a ν †   a  π ′  †   a  ν ′   + h . c . )  +       ∑  V  π ν ,  π ′    ν ′  ¯     (  v π   v ν   v  π ′    u  ν ′   −  u π   u ν   u  π ′    v  ν ′   )   (  a π †   a ν †   a  ν ′  †   a  π ′   + h . c . )  ,     



(25)




where   h . c .   stands for Hermitian conjugate. The terms    E a   ( b , ω )    can be modified to prevent the singularity in the transition amplitude caused by the first-order perturbation of the odd-particle wave function. The first term in Equations (22) and (23) denotes the proton (neutron) quasiparticle state, while the second term denotes RPA-correlated phonons admixed with quasiparticle-phonon-coupled Hamiltonian   H 31  , which was accomplished by the Bogoliubov transformation from separable   p p   and   p h   GT interaction forces. The summation applies to all phonon states and neutron (proton) quasiparticle states, satisfying    m π  −  m ν  = μ   with    π π   π ν  = 1  . The calculation of quasiparticle transition amplitudes for correlated states can be found in [45]. The amplitudes of GT transitions in terms of separable forces are as follows:


     <  π  c o r r    |   τ −   σ μ   |  ν  c o r r   >  =   q  π ν  U  + 2 χ [   q  π ν  U   ∑ ω   (  Z ω  − 2    E π   ( ν , ω )  +  Z ω  + 2    E ν   ( π , ω )  )        −  q  π ν  V   ∑ ω   Z ω −   Z ω +   (  E π   ( ν , ω )  +  E ν   ( π , ω )  )   ] + 2 κ [   q  π ν    ∑ ω   (  Z ω −   Z ω  − −    E π   ( ν , ω )  −  Z ω +   Z ω  + +    E ν   ( π , ω )  )        −   q ˜   π ν    ∑ ω   (  Z ω −   Z ω  + +    E π   ( ν , ω )  −  Z ω +   Z ω  − −    E ν   ( π , ω )  )   ] ,      



(26)






     <  π  c o r r    |   τ +   σ μ   |  ν  c o r r   > =  q  π ν  V  + 2 χ [   q  π ν  V   ∑ ω   (  Z ω  + 2    E π   ( ν , ω )  +  Z ω  − 2    E ν   ( π , ω )  )        −  q  π ν  U   ∑ ω   Z ω −   Z ω +   (  E π   ( ν , ω )  +  E ν   ( π , ω )  )   ] + 2 κ [    q ˜   π ν    ∑ ω   (  Z ω +   Z ω  + +    E π   ( ν , ω )  −  Z ω −   Z ω  − −    E ν   ( π , ω )  )        −  q  π ν    ∑ ω   (  Z ω +   Z ω  − −    E π   ( ν , ω )  −  Z ω −   Z ω  + +    E ν   ( π , ω )  )   ] ,      



(27)






  <  ν  c o r r    |   τ ±   σ  − μ    |   π  c o r r   > =   ( − 1 )  μ  <  π  c o r r    |  τ ∓   σ μ  |   ν  c o r r   > .  



(28)




In Equations (26)–(28),   σ μ  , and   τ ±   are spin and iso-spin type operators, respectively, and other symbols,   q  π ν    (   q ˜   π ν   ),   q  π ν  U   (  q  π ν  V  ),   Z ω −   (  Z ω +  ) and   Z ω  − −    (  Z ω  + +   ), are defined as follows:


      q  π ν   =  f  π ν    u π   v ν  ,      q  π ν  U  =  f  π ν    u π   u ν  ,         q ˜   π ν   =  f  π ν    v π   u ν  ,     q  π ν  V  =  f  π ν    v π   v ν         Z ω −  =  ∑  π , ν    (  X ω  π ν    q  π ν   −  Y ω  π ν     q ˜   π ν   )  ,        Z ω +  =  ∑  π , ν    (  X ω  π ν     q ˜   π ν   −  Y ω  π ν    q  π ν   )  ,        Z ω  − −   =  ∑  π , ν    (  X ω  π ν    q  π ν  U  +  Y ω  π ν    q  π ν  V  )  ,        Z ω  + +   =  ∑  π ν    (  X ω  π , ν    q  π ν  V  +  Y ω  π ν    q  π ν  U  )  .     



(29)




The terms   X ω  π ν    and   Y ω  π ν    were defined earlier and other symbols have the usual meanings. The idea surrounding quasiparticle transitions with first-order phonon correlations can be extended to an odd–odd parent nucleus. The ground state is assumed to be a proton–neutron quasiparticle pair state of the smallest energy. The GT transitions of the quasiparticle led to two-proton or two-neutron quasiparticle states in the even–even daughter nucleus. The two quasiparticle states were constructed with phonon correlations, given by the following:


      |   π  ν  c o r r    >  =   a π †   a ν †   | − > +  1 2   ∑   π 1 ′  ,  π 2 ′  , ω    a  π 1 ′  †   a  π 2 ′  †   A ω †   ( − μ )  |  − >                        ×  < − |    [  a  π 1 ′  †   a  π 2 ′  †   A ω †   ( − μ )  ]  †   H 31   a π †   a ν †   | − >  E  π ν    (  π 1 ′   π 2 ′  , ω )  +  1 2   ∑   ν 1 ′  ,  ν 2 ′  , ω    a  ν 1 ′  †   a  ν 2 ′    A ω †   ( μ )  |  − >         ×  < − |    [  a  ν 1 ′  †   a  ν 2 ′  †   A ω †   ( μ )  ]  †   H 31   a π †   a ν †   | − >   E  π ν    (  ν 1 ′   ν 2 ′  , ω )  ,     



(30)






     <   π 1   π  2 c o r r     |  =    a  π 1  †   a  π 2  †   | − > +  ∑   π ′  ,  ν ′  , ω    a  π ′  †   a  ν ′  †   A ω †   ( μ )  |  − >                        ×  < − |    [  a  π ′  †   a  ν ′  †   A ω †   ( μ )  ]  †   H 31   a  π 1  †   a  π 2  †   | − >   E   π 1   π 2     (  π ′   ν ′  , ω )  ,     



(31)






     <   ν 1   ν  2 c o r r     |  =    a  ν 1  †   a  ν 2  †   | − > +  ∑   π ′  ,  ν ′  , ω    a  π ′  +   a  ν ′  †   A ω †   ( − μ )  |  − >                        ×  < − |    [  a  π ′  †   a  ν ′  †   A ω †   ( − μ )  ]  †   H 31   a  ν 1  †   a  ν 2  †   | − >   E   ν 1   ν 2     (  π ′   ν ′  , ω )  ,     



(32)




where


   E  a b    ( c d , ω )  =  1   (  ϵ a  +  ϵ b  )  −  (  ϵ c  +  ϵ d  + ω )       <  



(33)




where subscript index a (b) denotes   π ,   π 1    and   ν 1   (  ν ,   π 2    and   ν 2  ) and c (d) denotes    π ′  ,   π 1 ′    and   ν 1 ′   (   ν ′  ,   π 2 ′    and   ν 2 ′  ). The GT transition amplitudes between these states were reduced to those of one-quasiparticle states:


     <   π 1   π  2 c o r r     |  τ ±   σ μ  |   π  ν  c o r r    >  =      δ  (  π 1  , π )  <  π  2 c o r r    |  τ ±   σ μ  |   ν  c o r r   >        − δ  (  π 2  , π )  <  π  1 c o r r    |  τ ±   σ μ  |   ν  c o r r   > ,     



(34)






     <   ν 1   ν  2 c o r r     |  τ ±   σ  − μ   |   π  ν  c o r r    >  =      δ  (  ν 2  , ν )  <  ν  1 c o r r    |  τ ±   σ  − μ   |   π  c o r r   >        − δ  (  ν 1  , ν )  <  ν  2 c o r r    |  τ ±   σ  − μ   |   π  c o r r   > ,     



(35)




by ignoring second-order terms in the correlated phonons. For odd–odd parent nuclei, QRPA phonon excitations are also possible, where the quasiparticle pairs act as spectators in the same single quasiparticle shells. The nuclear-excited states can be constructed as phonon-correlated multi-quasiparticle states. The transition amplitudes between multi-quasiparticle states can be reduced to those of one-quasiparticle states, as described below.



Excited levels of an even–even nucleus are two-proton quasiparticle states and two-neutron quasiparticle states. Transitions from these initial states to the final neutron–proton quasiparticle pair states are possible in the odd–odd daughter nuclei. The transition amplitudes can be reduced to correlated quasiparticle states by taking the Hermitian conjugate of Equations (34) and (35):


     <  π  ν  c o r r     |  τ ±   σ  − μ   |    π 1   π  2 c o r r    >  =      − δ  ( π ,  π 2  )  <  ν  c o r r    |  τ ±   σ  − μ   |   π  1 c o r r   >        + δ  ( π ,  π 1  )  <  ν  c o r r    |  τ ±   σ  − μ   |   π  2 c o r r   > ,     



(36)






     <  π  ν  c o r r     |  τ ±   σ μ  |    ν 1   ν  2 c o r r    >  =      δ  ( ν ,  ν 2  )  <  π  c o r r    |  τ ±   σ μ  |   ν  1 c o r r   >        − δ  ( ν ,  ν 1  )  <  π  c o r r    |  τ ±   σ μ  |   ν  2 c o r r   > .     



(37)







When a nucleus has an odd nucleon (a proton and/or a neutron), low-lying states are obtained by lifting the quasiparticle in the orbit of the smallest energy to higher-lying orbits. States of an odd-proton even-neutron nucleus were expressed by three-proton states or one-proton two-neutron states, corresponding to the excitation of a proton or a neutron, as follows:


      |   π 1   π 2   π  3 c o r r    〉  =    a  π 1  †   a  π 2  †   a  π 3  †   | − 〉 +   1 2   ∑   π 1 ′  ,  π 2 ′  ,  ν ′  , ω    a  π 1 ′  †   a  π 2 ′  †   a  ν ′  †   A ω †   ( μ )   | − 〉                         ×  〈 − |    [  a  π 1 ′  †   a  π 2 ′  †   a  ν ′  †   A ω †   ( μ )  ]  †   H 31   a  π 1  †   a  π 2  †   a  π 3  †   | − 〉   E   π 1   π 2   π 3     (  π 1 ′   π 2 ′   ν ′  , ω )  ,     



(38)






      |   π 1   ν 1   ν  2 c o r r    〉  =    a  π 1  †   a  ν 1  †   a  ν 2  †   | − 〉 +   1 2   ∑   π 1 ′  ,  π 2 ′  ,  ν ′  , ω    a  π 1 ′  †   a  π 2 ′  †   a  ν ′  †   A ω †   ( − μ )   | − 〉                        ×  〈 − |   [  a  π 1 ′  †   a  π 2 ′  †   a  ν ′  †   A ω †   ( − μ )  ]  †   H 31   a  π 1  †   a  ν 1  †   a  ν 2  †  | − 〉                       ×   E   π 1   ν 1   ν 2     (  π 1 ′   π 2 ′   ν ′  , ω )  +  1 6   ∑   ν 1 ′  ,  ν 2 ′  ,  ν 3 ′  , ω    a  ν 1 ′  †   a  ν 2 ′  †   a  ν 3 ′  †   A ω †   ( μ )   | − 〉                         ×  〈 − |    [  a  ν 1 ′  †   a  ν 2 ′  †   a  ν 3 ′  †   A ω †   ( μ )  ]  †   H 31   a  π 1  †   a  ν 1  †   a  ν 2  †   | − 〉   E   π 1   ν 1   ν 2     (  ν 1 ′   ν 2 ′   ν 3 ′  , ω )  ,     



(39)




with the energy denominators of first-order perturbation:


   E  a b c    ( d e f , ω )  =  1  (  ϵ a  +  ϵ b  +  ϵ c  −  ϵ d  −  ϵ e  −  ϵ f  − ω )   ,  



(40)




where subscripts represent   π 1  ,   π 2  ,   π 3  ,  π ,   ν 1  , and   ν 2   (  π 1 ′  ,   π 2 ′  ,   ν ′  ,   ν 1 ′  ,   ν 2 ′  , and   ν 2 ′  ). These equations can be used to generate the three-quasiparticle states of odd protons and even neutrons by swapping the neutron and proton states,   ν ⟷ π   and    A ω †   ( μ )  ⟷  A ω †   ( − μ )   . Amplitudes of the quasiparticle transitions between the three-quasiparticle states were reduced to those for correlated one-quasiparticle states. For parent nuclei with an odd proton, we have the following:


     〈  π 1 ′   π 2 ′   ν  1 c o r r  ′  |  τ ±   σ  − μ   |  π 1   π 2   π  3 c o r r   〉      =  δ  (  π 1 ′  ,  π 2  )  δ  (  π 2 ′  ,  π 3  )   〈   ν  1 c o r r  ′   |   τ ±   σ  − μ    |  π  1 c o r r   〉           − δ  (  π 1 ′  ,  π 1  )  δ  (  π 2 ′  ,  π 3  )   〈   ν  1 c o r r  ′   |   τ ±   σ  − μ    |  π  2 c o r r   〉           + δ  (  π 1 ′  ,  π 1  )  δ  (  π 2 ′  ,  π 2  )   〈   ν  1 c o r r  ′   |   τ ±   σ  − μ    |  π  3 c o r r   〉  ,     



(41)






     〈  π 1 ′   π 2 ′   ν  1 c o r r  ′  |  τ ±   σ μ  |  π 1   ν 1   ν  2 c o r r   〉      =  δ  (  ν 1 ′  ,  ν 2  )   [ δ   (  π 1 ′  ,  π 1  )   〈   π  2 c o r r  ′   |   τ ±   σ μ   |  ν  1 c o r r   〉           − δ  (  π 2 ′  ,  π 1  )   〈   π  1 c o r r  ′   |   τ ±   σ μ   |   ν  1 c o r r    〉 ]           − δ  (  ν 1 ′  ,  ν 1  )   [ δ   (  π 1 ′  ,  π 1  )   〈   π  2 c o r r  ′   |   τ ±   σ μ   |  ν  2 c o r r   〉           − δ  (  π 2 ′  ,  π 1  )   〈   π  1 c o r r  ′   |   τ ±   σ μ   |   ν  2 c o r r    〉 ]  ,     



(42)






     〈  ν 1 ′   ν 2 ′   ν  3 c o r r  ′  |  τ ±   σ  − μ   |  π 1   ν 1   ν  2 c o r r   〉      =  δ  (  ν 2 ′  ,  ν 1  )  δ  (  ν 3 ′  ,  ν 2  )   〈   ν  1 c o r r  ′   |   τ ±   σ  − μ    |  π  1 c o r r   〉           − δ  (  ν 1 ′  ,  ν 1  )  δ  (  ν 3 ′  ,  ν 2  )   〈   ν  2 c o r r  ′   |   τ ±   σ  − μ    |  π  1 c o r r   〉           + δ  (  ν 1 ′  ,  ν 1  )  δ  (  ν 2 ′  ,  ν 2  )   〈   ν  3 c o r r  ′   |   τ ±   σ  − μ    |  π  1 c o r r   〉  ,     



(43)




and for parent nuclei with an odd neutron, we have the following:


     〈  π 1 ′   ν 1 ′   ν  2 c o r r  ′  |  τ ±   σ μ  |  ν 1   ν 2   ν  3 c o r r   〉      =  δ  (  ν 1 ′  ,  ν 2  )  δ  (  ν 2 ′  ,  ν 3  )   〈   π  1 c o r r  ′   |   τ ±   σ μ   |  ν  1 c o r r   〉           − δ  (  ν 1 ′  ,  ν 1  )  δ  (  ν 2 ′  ,  ν 3  )   〈   π  1 c o r r  ′   |   τ ±   σ μ   |  ν  2 c o r r   〉           + δ  (  ν 1 ′  ,  ν 1  )  δ  (  ν 2 ′  ,  ν 2  )   〈   π  1 c o r r  ′   |   τ ±   σ μ   |  ν  3 c o r r   〉  ,     



(44)






     〈  π 1 ′   ν 1 ′   ν  2 c o r r  ′  |  τ ±   σ  − μ   |  π 1   π 2   ν  1 c o r r   〉      =  δ  (  π 1 ′  ,  π 2  )   [ δ   (  ν 1 ′  ,  ν 1  )   〈   ν  2 c o r r  ′   |   τ ±   σ  − μ    |  π  1 c o r r   〉          − δ  (  ν 2 ′  ,  ν 1  )   〈   ν  1 c o r r  ′   |   τ ±   σ  − μ    |   π  1 c o r r    〉 ]           − δ  (  π 1 ′  ,  π 1  )   [ δ   (  ν 1 ′  ,  ν 1  )   〈   ν  2 c o r r  ′   |   τ ±   σ  − μ    |  π  2 c o r r   〉           − δ  (  ν 2 ′  ,  ν 1  )   〈   ν  1 c o r r  ′   |   τ ±   σ  − μ    |   π  2 c o r r    〉 ]  ,     



(45)






     〈  π 1 ′   π 2 ′   π  3 c o r r  ′  |  τ ±   σ μ  |  π 1   π 2   ν  1 c o r r   〉      =  δ  (  π 2 ′  ,  π 1  )  δ  (  π 3 ′  ,  π 2  )   〈   π  1 c o r r  ′   |   τ ±   σ μ   |  ν  1 c o r r   〉          − δ  (  π 1 ′  ,  π 1  )  δ  (  π 3 ′  ,  π 2  )   〈   π  2 c o r r  ′   |   τ ±   σ μ   |  ν  1 c o r r   〉           + δ  (  π 1 ′  ,  π 1  )  δ  (  π 2 ′  ,  π 2  )   〈   π  3 c o r r  ′   |   τ ±   σ μ   |  ν  1 c o r r   〉  .     



(46)







Low-lying states in an odd–odd nucleus were expressed in the quasiparticle picture by proton–neutron pair states (two quasiparticle states) or by states that were obtained by adding two-proton or two-neutron quasiparticles (four-quasiparticle states). Transitions from the former states were described earlier. Phonon-correlated four-quasiparticle states can be constructed similarly to the two- and three-quasiparticle states. Also in this case, transition amplitudes for the four-quasiparticle states were reduced to those for the correlated one-quasiparticle states, as follows:


     <   π 1 ′   π 2 ′   ν 1 ′   ν  2 c o r r  ′    |  τ ±   σ  − μ   |    π 1   π 2   π 3   ν  1 c o r r    >                                                                                            =  δ  (  ν 2 ′  ,  ν 1  )   [ δ   (  π 1 ′  ,  π 2  )  δ  (  π 2 ′  ,  π 3  )  <  ν  1 c o r r  ′   |  τ ±   σ  − μ   |   π  1 c o r r   >       − δ  (  π 1 ′  ,  π 1  )  δ  (  π 2 ′  ,  π 3  )  <  ν  1 c o r r  ′   |  τ ±   σ  − μ   |   π  2 c o r r   >       + δ  (  π 1 ′  ,  π 1  )  δ  (  π 2 ′  ,  π 2  )  <  ν  1 c o r r  ′   |   τ ±   σ  − μ    |  π  3 c o r r   > ]        − δ  (  ν 1 ′  ,  ν 1  )   [ δ   (  π 1 ′  ,  π 2  )  δ  (  π 2 ′  ,  π 3  )  <  ν  2 c o r r  ′   |  τ ±   σ  − μ   |   π  1 c o r r   >       − δ  (  π 1 ′  ,  π 1  )  δ  (  π 2 ′  ,  π 3  )  <  ν  2 c o r r  ′   |  τ ±   σ  − μ   |   π  2 c o r r   >       + δ  (  π 1 ′  ,  π 1  )  δ  (  π 2 ′  ,  π 2  )  <  ν  2 c o r r  ′   |   τ ±   σ  − μ    |  π  3 c o r r   > ]  ,     



(47)






     <   π 1 ′   π 2 ′   π 3 ′   π  4 c o r r  ′    |  τ ±   σ μ  |    π 1   π 2   π 3   ν  1 c o r r    >                                                                                             =   − δ  (  π 2 ′  ,  π 1  )  δ  (  π 3 ′  ,  π 2  )  δ  (  π 4 ′  ,  π 3  )  <  π  1 c o r r  ′   |  τ ±   σ μ  |   ν  1 c o r r   >       + δ  (  π 1 ′  ,  π 1  )  δ  (  π 3 ′  ,  π 2  )  δ  (  π 4 ′  ,  π 3  )  <  π  2 c o r r  ′   |  τ ±   σ μ  |   ν  1 c o r r   >       − δ  (  π 1 ′  ,  π 1  )  δ  (  π 2 ′  ,  π 2  )  δ  (  π 4 ′  ,  π 3  )  <  π  3 c o r r  ′   |  τ ±   σ μ  |   ν  1 c o r r   >       + δ  (  π 1 ′  ,  π 1  )  δ  (  π 2 ′  ,  π 2  )  δ  (  π 3 ′  ,  π 3  )  <  π  4 c o r r  ′   |  τ ±   σ μ  |   ν  1 c o r r   > ,     



(48)






     <   π 1 ′   π 2 ′   ν 1 ′   ν  2 c o r r  ′    |  τ ±   σ μ  |    π 1   ν 1   ν 2   ν  3 c o r r    >                                                                                             =   δ  (  π 1 ′  ,  π 1  )   [ δ   (  ν 1 ′  ,  ν 2  )  δ  (  ν 2 ′  ,  ν 3  )  <  π  2 c o r r  ′   |  τ ±   σ μ  |   ν  1 c o r r   >       − δ  (  ν 1 ′  ,  ν 1  )  δ  (  ν 2 ′  ,  ν 3  )  <  π  2 c o r r  ′   |  τ ±   σ μ  |   ν  2 c o r r   >       + δ  (  ν 1 ′  ,  ν 1  )  δ  (  ν 2 ′  ,  ν 2  )  <  π  2 c o r r  ′   |   τ ±   σ μ   |  ν  3 c o r r   > ]        − δ  (  π 2 ′  ,  π 1  )   [ δ   (  ν 1 ′  ,  ν 2  )  δ  (  ν 2 ′  ,  ν 3  )  <  π  1 c o r r  ′   |  τ ±   σ μ  |   ν  1 c o r r   >       − δ  (  ν 1 ′  ,  ν 1  )  δ  (  ν 2 ′  ,  ν 3  )  <  π  1 c o r r  ′   |  τ ±   σ μ  |   ν  2 c o r r   >       + δ  (  ν 1 ′  ,  ν 1  )  δ  (  ν 2 ′  ,  ν 2  )  <  π  1 c o r r  ′   |   τ ±   σ μ   |  ν  3 c o r r   > ]  ,     



(49)






     <   ν 1 ′   ν 2 ′   ν 3 ′   ν  4 c o r r  ′    |  τ ±   σ  − μ   |    π 1   ν 1   ν 2   ν  3 c o r r    >                                                                                             =   + δ  (  ν 2 ′  ,  ν 1  )  δ  (  ν 3 ′  ,  ν 2  )  δ  (  ν 4 ′  ,  ν 3  )  <  ν  1 c o r r  ′   |  τ ±   σ  − μ   |   π  1 c o r r   >       − δ  (  ν 1 ′  ,  ν 1  )  δ  (  ν 3 ′  ,  ν 2  )  δ  (  ν 4 ′  ,  ν 3  )  <  ν  2 c o r r  ′   |  τ ±   σ  − μ   |   π  1 c o r r   >       + δ  (  ν 1 ′  ,  ν 1  )  δ  (  ν 2 ′  ,  ν 2  )  δ  (  ν 4 ′  ,  ν 3  )  <  ν  3 c o r r  ′   |  τ ±   σ  − μ   |   π  1 c o r r   >       − δ  (  ν 1 ′  ,  ν 1  )  δ  (  ν 2 ′  ,  ν 2  )  δ  (  ν 3 ′  ,  ν 3  )  <  ν  4 c o r r  ′   |  τ ±   σ  − μ   |   π  1 c o r r   > .     



(50)




The antisymmetrization of the quasiparticles was duly taken into account for each of these amplitudes.



   π 4 ′  >  π 3 ′  >  π 2 ′  >  π 1 ′   ,    ν 4 ′  >  ν 3 ′  >  ν 2 ′  >  ν 1 ′   ,    π 4  >  π 3  >  π 2  >  π 1   ,    ν 4  >  ν 3  >  ν 2  >  ν 1   .



The GT transitions were taken into account for the excited state of each phonon. It was assumed that the quasiparticle in the parent nucleus occupied the same orbit as the excited phonons.



The  β -decay partial half-lives   t  1 / 2    from the parent ground state were calculated using the following relation:


      t  p ( 1 / 2 )   =  D   f V   ( Z , E , A )   B F   ( ω )  +   (  g V  /  g A  )   − 2    f A   ( Z , E , A )   B  G T    ( ω )    ,     



(51)




where E = (  Q − ω  ). The integrals of the available phase space for axial vector and vector transitions are denoted as    f A   ( Z , A , E )    and    f V   ( Z , A , E )   , respectively. The total  β -decay half-lives were computed, including all transition probabilities to the states in the daughter within the Q window.



The stellar  β -decay rates from the nth parent state to the mth daughter level were calculated using the following:


   λ  n m  β  = ln 2    f  n m    ( T , ρ ,  E f  )     ( f t )   n m    .  



(52)




The term    ( f t )   n m    is linked to the reduced transition probabilities (  B  n m   ) of Fermi and GT transitions, as follows:


    ( f t )   n m   = D /  B  n m   ,  



(53)




where


   B  n m   =   (  g A  /  g V  )  2  B   ( G T )   n m   + B   ( F )   n m   .  



(54)




The constant D value was chosen as 6143 s [46], and    g A  /  g V    was taken as −1.254 [47]. Many calculations of  β -decay half-lives introduce a quenching factor to reproduce measured data (e.g., the authors in Ref. [48] used     [   (  g A  /  g V  )   e f f   ]  2  =   [ 0.7   (  g A  /  g V  )   f r e e   ]  2  ∼ 0.75  ). The coupling of the weak forces to two nucleons and the existing strong correlations within the nucleus were cited as two important factors to justify the quenching of the calculated GT strength [49]. We did not use any explicit quenching factor in our calculation. The previous half-life calculations [33,41], using the same nuclear model, did not use any explicit quenching factor. This was conducted because the GT force parameters were parameterized [42] in order to reproduce the measured half-lives. The reduced Fermi and GT transition probabilities were explicitly determined using the following:


  B   ( F )   n m   =  1  2  J n  + 1    〈 m ‖   ∑ k   τ  −  k    ‖ n 〉 |  2   



(55)






  B   ( G T )   n m   =  1  2  J n  + 1    〈 m ‖   ∑ k   τ  −  k    σ →  k    ‖ n 〉 |  2  ,  



(56)




where    σ →   ( k )    and   τ  −  k   denote the spin and the isospin-lowering operators, respectively. For further details on the solution of Equation (1), we refer the readers to [33,44,50]. The phase space integrals (  f  n m   ) over total energy were calculated using the following:


   f  n m   =  ∫  1   w m   w    w 2  − 1     (  w m  − w )  2  F  ( + Z , w )   ( 1 −  R −  )  d w ,  



(57)




where we used natural units (  ћ =  m e  = c = 1  ). The Fermi functions,   F ( + Z , w )  , were estimated as per the prescription given in Ref. [51].   w m   is the total  β -decay energy given by the following:


   w m  =  m p  −  m d  +  E n  −  E m  ,  



(58)




where   E n   and   E m   represent the parent and daughter excitation energies, respectively.   R −   is the electron distribution function


   R −  =   exp    E −  E f    k T    + 1   − 1   ,  



(59)




where E = (  w  −   1), and   E f   denote the kinetic and Fermi energies of the electrons, respectively. k is the Boltzmann constant. As the stellar core temperature rises, there is always a finite chance of occupation of parent-excited levels. The total  β -decay rates were calculated using the following:


   λ β  =  ∑  n m    P n   λ  n m  β  ,  



(60)




where   P n   is the occupation probability of the parent-excited state following the normal Boltzmann distribution. In Equation (60), the summation was applied to all final and initial states until reasonable convergence in  β -decay rates was obtained.




3. Results and Discussion


The aim of the current study is to re-examine the effect of pairing gaps on charge-changing transitions and the associated weak rates for the top 50 astrophysically significant nuclei that are unstable to   β −   decay [31]. The nuclei were selected from a recent study by Nabi et al. [30], where a total of 728 nuclei were ranked based on the ranking parameter,    R ˚  p  , defined by the following:


    R ˚  p  =      Y ˙   e ( i )   e c ( b d )    ∑   Y ˙   e ( i )   e c ( b d )       0.500 >  Y e  > 0.400   ,  



(61)




where the nuclei having the highest    R ˚  p   value will contribute the most to the time rate of change of the lepton fraction (   Y e  ˙  ). As discussed earlier, three different sets of empirically calculated pairing gaps were used in our analysis to investigate the  β -decay properties of these nuclei.



The pairing gaps arise from the pairing interaction between nucleons. They have a direct impact on the occupation probabilities of different single-particle states in the nucleus. These probabilities bear consequences for the charge-changing transitions. In general, a larger pairing gap leads to a smaller number of nucleons occupying states near the Fermi level. This can contribute to lowering the chances for transitions and may result in the redistribution of GT strength to higher excitation energies.



We first display the computed pairing gaps in Figure 1 for the selected 50 nuclei. The upper panels show the neutron–neutron pairing gaps. The proton–proton pairing gaps are displayed in the lower panels. The TF formula (Equation (4)) is only a function of the mass number of the parent nucleus. Nuclear properties of the parent and neighboring nuclei are considered in 3TF formulae (Equations (5) and (6)). In the 5TF formulae (Equations (7) and (8)), nuclear properties of the two nearest neighboring nuclei are considered. Table 1 shows the experimental errors associated with the measured binding energies, used to compute 3TF and 5TF schemes. A difference of more than 0.5 MeV in   Δ  p p    values is noted between the TF and 3TF schemes for   Sc     51   and  Fe     63 . A difference of similar magnitude is noted for   Δ  p p    between TF and 5TF schemes for the   Cu      64 , 66    case. The differences between   Δ  n n    values exceed even more, reaching 0.7 MeV for     56  Mn and more than 1 MeV for     51  Sc.



The total strength and centroid values of the calculated GT strength distributions are shown in Figure 2 as functions of pairing gap values. The upper panels show the calculated total GT strengths whereas the bottom panels show the computed centroids of the resulting distributions. Our calculation satisfied the model-independent Ikeda sum rule [52]. It can be seen from Figure 2 that the total strength and centroid values are sensitive functions of the pairing gaps. Orders of magnitude differences are noted for the total GT strength as the pairing gap value changes. The effect is more pronounced when the N or Z of the nucleus is a magic number. This includes the nuclei      57 , 63 , 65 , 67   Ni,     85  Br. This was expected as changing pairing gap values would create a larger impact on the closed-shell nuclei. For      63 , 67   Ni (3TF) and     67  Ni (TF), the total GT strengths are smaller than   10  − 3    and, therefore, are not shown in Figure 2. The average total GT strengths calculated by TF, 3TF, and 5TF schemes are 0.30, 0.56, and 0.28, respectively. It was concluded that, overall, the 3TF scheme calculated the largest strength values. The placement of centroids changes by an order of magnitude or more as we switch from TF to 3TF schemes. The 5TF tends to move the centroid to higher excitation energies whereas the 3TF places the centroid at much lower energies. The average of all centroids computed by TF, 3TF, and 5TF are 2.44 MeV, 2.47 MeV, and 2.62 MeV, respectively. More than an order of magnitude difference in the placement of the centroid is noted for     51  Ti and     85  Br (bottom panels of Figure 2). For     51  Ti, only one GT transition was calculated by TF and 3TF schemes at energies of 1.1 MeV and 1.4 MeV, respectively. The 5TF schemes calculated more fragmentations of the total strengths at low energies (<0.1 MeV). This explains the placement of centroids at much higher energies for     51  Ti employing the pairing gap parameter from TF and 3TF schemes. For     85  Br, the 5TF scheme resulted in high-lying GT transitions (between 2 and 3 MeV). On the other hand, the TF scheme calculated one GT transition at 2.7 MeV, albeit at a magnitude of 0.00007. All remaining transitions were within 0.5 MeV in the daughter states. The 3TF scheme also computed GT transitions within 0.5 MeV in the daughter. Consequently, both TF and 3TF placed the centroid at 0.17 MeV in the daughter.



We first tested how well the different pairing gaps reproduced the measured GT distributions. For the needful comparison, we selected     63  Co with a   β −   decay Q-value of 3.672 MeV and     65  Co with a   β −   decay Q-value of 5.956 MeV. Figure 3 compares the calculated GT strength distributions with the experimental data [53,54]. All model parameters were kept fixed and were selected as stated in the previous section. The pairing gap parameters only varied. The 3TF pairing scheme resulted in a more fragmented distribution that compares well with the experimental data. Figure 4 shows a similar comparison for     65  Co. In this case, the measured data were taken from Refs. [54,55]. Here, the 5TF scheme resulted in a decent comparison but not better than the 3TF scheme. The conventional TF scheme resulted in a poor prediction of the GT spectra in both cases. The calculated GT distributions were in decent agreement with the measured data, validating the choice of the current nuclear model for the calculation of  β -decay properties.



Branching ratios (I) of charge-changing transitions in the daughter were calculated using the following equation:


  I =   T  1 / 2    t  ( 1 / 2 )     ×  100   ( % )  .  



(62)







Figure 5, Figure 6, Figure 7 and Figure 8 show the computed branching ratios and partial half-lives as functions of daughter excitation energy for the three selected pairing gaps (TF, 3TF, and 5TF) for     56  Mn,     67  Ni,     75  Ga, and     78  Ge, respectively. These nuclei were selected as belonging to odd–odd, even-odd, odd–even, and even–even categories from the top-ranked 50 nuclei for the analysis of branching ratios and partial half-lives. The fragmentation of the total GT strength (Figure 2) to low-lying states is altered by changing pairing gap values. The effect is different for different classes of nuclei. For odd–odd case, Figure 5 shows that low-lying transitions with more fragmentations are produced with 3TF and 5TF schemes. For the magic number nucleus     67  Ni, Figure 6 shows that the 5TF scheme results in considerable enhancement of the fragmentation of the GT strength when compared with the other two schemes. The 3TF and 5TF schemes resulted in similar GT distributions for the odd–even nucleus     75  Ga, as exhibited in Figure 7. Branching ratios less than 10−3 are not shown in these figures. For the even–even nucleus     78  Ge, Figure 8 reveals that the 3TF scheme resulted in one low-lying transition at 0.04 MeV (missing in the 5TF scheme) albeit with a small branching ratio. Equation (62) helps explain   T  1 / 2    through   t  1 / 2   . The middle and bottom panels of Figure 5 show that the   t  1 / 2    of the   β −  -decay of     56  Mn feeding the state with higher energy is comparable to the other two half-lives, but its branching ratio is almost four orders of magnitude smaller than the others. Likewise, in the bottom panel of Figure 6    ( 67  Ni )  , the state at energy, 0.31 MeV, has a very small branching ratio of 0.002 and, hence, the contribution of the partial half-life is negligible to the total computed half-life.



The comparison between calculated and measured half-lives for the selected top-ranked 50 nuclei is presented in Figure 9. The terrestrial half-lives were calculated using the pn-QRPA model with TF, 3TF, and 5TF pairing gap values. The calculated half-life depends on the total strength and distribution of the GT transitions in the daughter states. These two quantities were shown earlier in Figure 2 as functions of the pairing gaps. Three orders of magnitude or more differences in the calculated half-life values may be noted from Figure 9. Higher total GT strength values and lower placement of the GT centroid result in smaller calculated half-lives. Table 2 shows the accuracy of the current nuclear model using different pairing gap values as input parameters. We define the ratios of the calculated to measured half-lives using the variable   y i  , as follows:


      y i  =    T  1 / 2   c a l    T  1 / 2   e x p          i f       T  1 / 2   c a l   ≥  T  1 / 2   e x p             O R          =    T  1 / 2   e x p    T  1 / 2   c a l          i f       T  1 / 2   c a l   <  T  1 / 2   e x p    .     



(63)




In Table 2, n is the number of half-lives (out of a total of 50 cases) reproduced under the condition given in the first column. The average deviation (  y ¯  ) was calculated using the following:


  y =  1 n   ∑  i = 1  n   y i  ,  



(64)




Table 2 shows that the current model with the 3TF pairing gap reproduces   80 %   (  44 %  ) of the measured half-life values within a factor of 10 (2), with an average deviation of 2.42 (1.22). We conclude that the 3TF pairing gap results in the calculation of a larger total GT strength and the best prediction of half-life values for the top-ranked 50 nuclei.



Because of the crucial importance of these nuclei in a stellar environment, we decided to calculate  β -decay rates of the selected 50 nuclei as functions of pairing gaps in the stellar matter. For r-process nuclei under the prevailing physical conditions in stellar matter, forbidden transitions may also contribute to the total weak rates. In the current model, we only calculated the allowed GT and Fermi transitions. The calculation of weak rates, including forbidden transitions, will be looked at in a future assignment. In general, larger pairing gaps tend to shift the GT centroid to higher excitation energies in the daughter. This in turn decreases the  β -decay rates. A larger pairing gap leads to a smaller number of nucleons occupying states near the Fermi level. This may result in a redistribution of the GT strength to higher excitation energies. Table 3, Table 4, Table 5, Table 6 and Table 7 show the  β -decay rates of the top-ranked 50 nuclei at selected densities [  ρ  Y e    = (107, 109,   10 11  ) g cm−3], and temperatures [T = (5, 10, 15, 30) GK]. In these tables, entries written as <10−100 mean that the calculated  β -decay rates are less than 10−100 s −1. At lower core densities, the abundance of these nuclei would almost be negligible. At high densities, the phase space is choked and  β -decay rates tend to zero. Only at high core temperatures might the  β -decay rates prove useful for collapse simulators. Table 3, Table 4, Table 5, Table 6 and Table 7 show that  β -decay rates increase as the core temperature increases and decrease as   ρ  Y e    increases. The decay rates, for a predetermined density, increase due to the accessibility of a large phase space with the increasing core temperature. Soaring core temperatures increase the occupation probabilities of parent-excited levels, thereby leading to a larger contribution of partial rates from parent-excited states to the total rates. As the stellar core becomes denser, the electron Fermi energy increases, leading to a substantial decrease in the  β -decay rates at high stellar density values. It can be concluded from Table 3, Table 4, Table 5, Table 6 and Table 7 that the 3TF scheme leads to the calculation of the largest stellar  β -decay rates. This has a direct correlation with the calculation of a larger total GT strength using the 3TF scheme. Table 8 shows the average values of the calculated stellar  β -decay rates using different pairing gap values under predetermined physical conditions.




4. Conclusions and Summary


In this study, we re-examined the influence of pairing gaps on charge-changing transitions, partial half-lives, branching ratios, and weak rates for the top 50 astrophysically significant nuclei that are unstable to   β −   decay. Pairing gaps are some of the most important model parameters in the pn-QRPA approach for the calculation of  β -decay rates. In order to investigate the effect of pairing gaps on calculated GT strength distributions and half-lives, we used three different empirically calculated values (referred to as TF, 3TF, and 5TF). Changing pairing gap values led to significant alterations in the total GT strength and  β -decay rates. It was concluded that the 3TF pairing gaps resulted in the best prediction of  β -decay half-lives. The following main conclusions are drawn from the current investigation:




	⊙

	
The available empirical formulae for pairing gaps give values of   Δ  p p    differing by 0.5 MeV or more. The difference in   Δ  n n    is more than 1 MeV.




	⊙

	
The total GT strength and placement of the computed GT centroid change substantially with the pairing gap values. The 3TF pairing gap leads to lower placement of the GT centroid and higher total GT strength.




	⊙

	
The 3TF scheme provides the best predictive power to the current pn-QRPA model.




	⊙

	
The 3TF pairing gaps result in the largest stellar  β -decay rates for the selected top-50 ranked nuclei.
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Figure 1. Computed pairing gap values of the selected 50 nuclei used in the current investigation. 
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Figure 2. The total strength and centroid values of the calculated GT distributions of the selected 50 nuclei. 
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Figure 3. Comparison between measured and calculated GT distributions of     63  Co. Experimental data were taken from Refs. [53,54]. 






Figure 3. Comparison between measured and calculated GT distributions of     63  Co. Experimental data were taken from Refs. [53,54].



[image: Universe 10 00128 g003]







[image: Universe 10 00128 g004] 





Figure 4. Comparison between measured and calculated GT distributions of     65  Co. Experimental data were taken from Refs. [54,55]. 
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Figure 5. Calculated branching ratios (I) and partial half-lives (  t  1 / 2   ) for the  β -decay of     56  Mn as functions of the pairing gaps within the Q-value window.   E j   shows the excited energy in the daughter nucleus. 
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Figure 6. Calculated branching ratios (I) and partial half-lives (  t  1 / 2   ) for the  β -decay of     67  Ni as functions of pairing gaps within the Q-value window.   E j   shows excited energy in the daughter nucleus. 
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Figure 7. Calculated branching ratios (I) and partial half-lives (  t  1 / 2   ) for the  β -decay of     75  Ga as functions of pairing gaps within the Q-value window.   E j   shows excited energy in the daughter nucleus. 
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Figure 8. Calculated branching ratios (I) and partial half-lives (  t  1 / 2   ) for the  β -decay of     78  Ge as functions of pairing gaps within the Q-value window.   E j   shows excited energy in the daughter nucleus. 
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Figure 9. Comparison between measured and predicted half-lives using three different pairing gap values for the selected nuclei. Measured half-lives were taken from Ref. [31]. 
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Table 1. The uncertainty associated with the computation of pairing gap values for the selected nuclei.
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	Nuclei
	    Δ pp  3 TF     
	    σ pp  3 TF     
	    Δ nn  3 TF     
	    σ nn  3 TF     
	    Δ pp  5 TF     
	    σ pp  5 TF     
	    Δ nn  5 TF     
	    σ nn  5 TF     





	    56  Mn
	1.2199
	(±0.01262)
	1.0826
	(±0.0110)
	1.2442
	(±0.0001)
	0.9924
	(±0.0002)



	    52  V
	1.4051
	(±0.0025)
	1.2272
	(±0.0031)
	1.4160
	(±0.0002)
	1.0549
	(±0.0001)



	    67  Cu
	1.7205
	(±0.0020)
	1.2201
	(±0.0015)
	1.4529
	(±0.0001)
	1.2019
	(±0.0001)



	    67  Ni
	1.9130
	(±0.0139)
	1.2822
	(±0.0029)
	1.7737
	(±0.0001)
	1.2899
	(±0.0002)



	    60  Co
	1.3590
	(±0.0021)
	1.1972
	(±0.0011)
	1.3787
	(±0.0002)
	1.1672
	(±0.0001)



	    49  Sc
	2.1768
	(±0.0022)
	1.4937
	(±0.0049)
	1.9171
	(±0.0001)
	1.3496
	(±0.0001)



	    66  Cu
	1.1727
	(±0.02000)
	1.2278
	(±0.0008)
	0.9495
	(±0.0001)
	1.2239
	(±0.0003)



	    50  Sc
	1.9343
	(±0.0025)
	1.2055
	(±0.0049)
	1.6477
	(±0.0001)
	0.8751
	(±0.0001)



	    79  Ge
	1.0129
	(±0.0371)
	1.3296
	(±0.0371)
	1.0833
	(±0.0004)
	1.3652
	(±0.0004)



	    65  Co
	1.6184
	(±0.0050)
	0.9056
	(±0.0200)
	1.8231
	(±0.0003)
	0.9350
	(±0.0001)



	    63  Co
	1.6088
	(±0.0185)
	1.0975
	(±0.0200)
	1.7241
	(±0.0003)
	1.0406
	(±0.0002)



	    77  Ga
	1.5809
	(±0.0035)
	0.9609
	(±0.0024)
	1.5749
	(±0.0001)
	0.8700
	(±0.0001)



	    78  Ge
	1.5680
	(±0.0053)
	1.4075
	(±0.0371)
	1.5901
	(±0.0004)
	1.3700
	(±0.0001)



	    83  As
	1.3892
	(±0.0032)
	1.3430
	(±0.0037)
	1.4039
	(±0.0001)
	1.2378
	(±0.0001)



	    51  Ti
	1.3611
	(±0.0025)
	1.5025
	(±0.0027)
	1.3831
	(±0.0001)
	1.2243
	(±0.0001)



	    59  Mn
	1.5931
	(±0.0847)
	0.9028
	(±0.0027)
	1.6418
	(±0.0001)
	0.8997
	(±0.0014)



	    64  Co
	1.0334
	(±0.0200)
	0.9853
	(±0.0200)
	1.1886
	(±0.0003)
	0.9449
	(±0.0003)



	    49  Ca
	1.9691
	(±0.0025)
	1.5047
	(±0.0022)
	1.9517
	(±0.0001)
	1.0974
	(±0.0001)



	    58  Cr
	1.6375
	(±0.1002)
	1.3923
	(±0.0029)
	1.6181
	(±0.0001)
	1.4475
	(±0.0017)



	    68  Cu
	1.6340
	(±0.0139)
	1.1839
	(±0.0015)
	1.2401
	(±0.0001)
	1.1982
	(±0.0002)



	    82  As
	1.1693
	(±0.0037)
	1.1848
	(±0.0037)
	1.1112
	(±0.0001)
	1.2637
	(±0.0001)



	    75  Ga
	1.5284
	(±0.0025)
	1.1589
	(±0.0029)
	1.5263
	(±0.0001)
	1.1338
	(±0.0001)



	    69  Cu
	1.8563
	(±0.0064)
	1.2126
	(±0.0015)
	1.5295
	(±0.0001)
	1.2842
	(±0.0001)



	    57  Ni
	1.4860
	(±0.0005)
	2.0909
	(±0.0007)
	1.2959
	(±0.0001)
	1.6936
	(±0.0001)



	    61  Fe
	1.1374
	(±0.0185)
	1.4226
	(±0.0034)
	1.1978
	(±0.0001)
	1.4176
	(±0.0002)



	    81  Ge
	1.1328
	(±0.0037)
	1.4039
	(±0.0371)
	1.1508
	(±0.0004)
	1.4434
	(±0.0001)



	    78  Ga
	0.9509
	(±0.0371)
	0.7791
	(±0.0024)
	0.9806
	(±0.0001)
	0.8022
	(±0.0004)



	    51  Sc
	2.2206
	(±0.0027)
	0.5445
	(±0.0030)
	1.9128
	(±0.0003)
	0.5739
	(±0.0001)



	    64  Cu
	1.1883
	(±0.0185)
	1.2356
	(±0.0006)
	1.0006
	(±0.0001)
	1.2227
	(±0.0002)



	    57  Cr
	1.2598
	(±0.1758)
	1.2904
	(±0.0029)
	1.2004
	(±0.0001)
	1.3414
	(±0.0031)



	    77  Ge
	1.1226
	(±0.0097)
	1.5012
	(±0.0035)
	1.1623
	(±0.0004)
	1.4548
	(±0.0001)



	    55  Cr
	1.4016
	(±0.0111)
	1.3681
	(±0.0005)
	1.3107
	(±0.0001)
	1.3009
	(±0.0002)



	    83  Se
	1.0541
	(±0.0257)
	1.5793
	(±0.0030)
	1.0326
	(±0.0001)
	1.6650
	(±0.0003)



	    62  Fe
	1.6161
	(±0.0185)
	1.4124
	(±0.0043)
	1.6126
	(±0.0001)
	1.4283
	(±0.0002)



	    48  Sc
	1.6681
	(±0.00495)
	1.0748
	(±0.004)
	1.4966
	(±0.0001)
	1.2842
	(±0.0001)



	    65  Ni
	1.3447
	(±0.02000)
	1.6032
	(±0.0013)
	1.2584
	(±0.0001)
	1.5513
	(±0.0003)



	    57  Mn
	1.6066
	(±0.0270)
	0.9021
	(±0.0027)
	1.6861
	(±0.0001)
	0.8998
	(±0.0004)



	    71  Cu
	1.8159
	(±0.0856)
	1.2893
	(±0.0014)
	1.6357
	(±0.0001)
	1.2441
	(±0.0012)



	    53  Ti
	1.3766
	(±0.0111)
	0.9499
	(±0.0158)
	1.3804
	(±0.0005)
	1.0040
	(±0.0002)



	    53  V
	1.6405
	(±0.0031)
	0.8829
	(±0.0118)
	1.6974
	(±0.0004)
	0.8841
	(±0.0001)



	    73  Ga
	1.5124
	(±0.0021)
	1.3556
	(±0.0029)
	1.5412
	(±0.0001)
	1.2805
	(±0.0001)



	    85  Br
	1.4286
	(±0.0030)
	1.4394
	(±0.02573)
	1.3917
	(±0.0003)
	1.3371
	(±0.0001)



	    62  Co
	1.2586
	(±0.0185)
	1.1560
	(±0.0185)
	1.3493
	(±0.0003)
	1.1262
	(±0.0002)



	    70  Cu
	1.6734
	(±0.0038)
	1.3558
	(±0.0015)
	1.3925
	(±0.0001)
	1.3226
	(±0.0001)



	    76  Ga
	0.9984
	(±0.0061)
	1.1087
	(±0.0029)
	1.0605
	(±0.0001)
	1.0347
	(±0.0001)



	    73  Zn
	1.1969
	(±0.0029)
	1.5210
	(±0.0026)
	1.1866
	(±0.0001)
	1.5200
	(±0.0001)



	    80  Ge
	1.4776
	(±0.00264)
	1.3965
	(±0.0371)
	1.4952
	(±0.0004)
	1.4016
	(±0.0001)



	    63  Ni
	1.4407
	(±0.0185)
	1.6443
	(±0.0004)
	1.3143
	(±0.0001)
	1.6195
	(±0.0002)



	    67  Co
	1.6837
	(±0.0064)
	1.0702
	(±0.0139)
	1.9365
	(±0.0012)
	1.1621
	(±0.0001)



	    61  Co
	1.6913
	(±0.0034)
	1.1372
	(±0.0185)
	1.7680
	(±0.0002)
	1.1463
	(±0.0001)



	    63  Fe
	1.0101
	(±0.0200)
	1.4439
	(±0.0050)
	1.0213
	(±0.0001)
	1.4297
	(±0.0003)










 





Table 2. Accuracy of the pn-QRPA model calculated the half-lives using three different pairing gaps for the selected 50 top-ranked  β -decaying nuclei.
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	Condition
	Pairing Gaps
	n
	n%
	    y ¯    





	  ∀   y i    ≤ 10
	TF
	39
	78
	2.81



	
	3TF
	40
	80
	2.42



	
	5TF
	36
	72
	3.18



	  ∀   y i    ≤ 2
	TF
	21
	42
	1.32



	
	3TF
	22
	44
	1.22



	
	5TF
	18
	36
	1.42










 





Table 3. Comparison of calculated stellar  β -decay rates for 48–51Sc,     49  Ca,      51 , 53   Ti,      52 , 53   V,     55  Cr, and     56  Mn as functions of pairing gap values. The stellar core temperatures are given in units of   G K  , and densities are given in units of gcm−3.
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Nuclei

	
T

	
  ρ   =    10 7   

	
  ρ   =    10 9   

	
  ρ   =    10 11   




	

	

	
TF

	
3TF

	
5TF

	
TF

	
3TF

	
5TF

	
TF

	
3TF

	
5TF






	
    48  Sc

	
5

	
9.16   ×   10  − 05    

	
1.00   ×   10  − 03    

	
4.51   ×   10  − 04    

	
2.06   ×   10  − 07    

	
1.60   ×   10  − 06    

	
8.75   ×   10  − 07    

	
8.02   ×   10  − 26    

	
1.42   ×   10  − 24    

	
4.13   ×   10  − 25    




	
 

	
10

	
5.45   ×   10  − 03    

	
1.10   ×   10  − 02    

	
1.01   ×   10  − 02    

	
5.33   ×   10  − 04    

	
1.24   ×   10  − 03    

	
1.24   ×   10  − 03    

	
2.59   ×   10  − 13    

	
1.00   ×   10  − 12    

	
6.55   ×   10  − 13    




	
 

	
15

	
3.49   ×   10  − 02    

	
7.36   ×   10  − 02    

	
7.18   ×   10  − 02    

	
9.86   ×   10  − 03    

	
2.32   ×   10  − 02    

	
2.25   ×   10  − 02    

	
5.26   ×   10  − 09    

	
1.54   ×   10  − 08    

	
1.24   ×   10  − 08    




	
 

	
30

	
2.43   ×   10  − 01    

	
6.10   ×   10  − 01    

	
5.73   ×   10  − 01    

	
1.87   ×   10  − 01    

	
4.76   ×   10  − 01    

	
4.46   ×   10  − 01    

	
1.44   ×   10  − 04    

	
3.91   ×   10  − 04    

	
3.50   ×   10  − 04    




	
    49  Ca

	
5

	
5.62   ×   10  − 02    

	
3.46   ×   10  − 02    

	
2.17   ×   10  − 02    

	
4.04   ×   10  − 03    

	
2.54   ×   10  − 03    

	
2.20   ×   10  − 03    

	
5.47   ×   10  − 21    

	
4.04   ×   10  − 21    

	
4.07   ×   10  − 21    




	
 

	
10

	
3.80   ×   10  − 01    

	
2.52   ×   10  − 01    

	
2.40   ×   10  − 01    

	
1.25   ×   10  − 01    

	
8.45   ×   10  − 02    

	
8.59   ×   10  − 02    

	
1.14   ×   10  − 10    

	
9.12   ×   10  − 11    

	
8.73   ×   10  − 11    




	
 

	
15

	
1.25   ×   10  + 00    

	
9.93   ×   10  − 01    

	
9.64   ×   10  − 01    

	
6.11   ×   10  − 01    

	
4.95   ×   10  − 01    

	
4.86   ×   10  − 01    

	
5.36   ×   10  − 07    

	
6.79   ×   10  − 07    

	
4.58   ×   10  − 07    




	
 

	
30

	
6.12   ×   10  + 00    

	
1.22   ×   10  + 01    

	
5.48   ×   10  + 00    

	
5.07   ×   10  + 00    

	
1.04   ×   10  + 01    

	
4.56   ×   10  + 00    

	
5.45   ×   10  − 03    

	
1.75   ×   10  − 02    

	
5.13   ×   10  − 03    




	
    49  Sc

	
5

	
7.71   ×   10  − 04    

	
1.21   ×   10  − 03    

	
9.08   ×   10  − 04    

	
1.23   ×   10  − 06    

	
1.99   ×   10  − 06    

	
1.40   ×   10  − 06    

	
3.33   ×   10  − 24    

	
2.94   ×   10  − 24    

	
2.78   ×   10  − 24    




	
 

	
10

	
5.14   ×   10  − 03    

	
5.43   ×   10  − 03    

	
5.09   ×   10  − 03    

	
7.31   ×   10  − 04    

	
6.31   ×   10  − 04    

	
6.53   ×   10  − 04    

	
1.25   ×   10  − 12    

	
1.11   ×   10  − 12    

	
1.01   ×   10  − 12    




	
 

	
15

	
5.28   ×   10  − 02    

	
3.85   ×   10  − 02    

	
4.03   ×   10  − 02    

	
1.86   ×   10  − 02    

	
1.37   ×   10  − 02    

	
1.32   ×   10  − 02    

	
1.63   ×   10  − 08    

	
1.60   ×   10  − 08    

	
1.15   ×   10  − 08    




	
 

	
30

	
6.79   ×   10  − 01    

	
1.04   ×   10  + 00    

	
4.28   ×   10  − 01    

	
5.33   ×   10  − 01    

	
8.49   ×   10  − 01    

	
3.31   ×   10  − 01    

	
4.56   ×   10  − 04    

	
9.98   ×   10  − 04    

	
2.70   ×   10  − 04    




	
    50  Sc

	
5

	
7.52   ×   10  − 03    

	
8.20   ×   10  − 03    

	
9.77   ×   10  − 03    

	
1.37   ×   10  − 04    

	
1.02   ×   10  − 04    

	
2.25   ×   10  − 04    

	
3.06   ×   10  − 23    

	
7.11   ×   10  − 23    

	
8.28   ×   10  − 23    




	
 

	
10

	
1.04   ×   10  − 01    

	
9.16   ×   10  − 02    

	
1.24   ×   10  − 01    

	
1.66   ×   10  − 02    

	
1.32   ×   10  − 02    

	
2.25   ×   10  − 02    

	
7.89   ×   10  − 12    

	
1.13   ×   10  − 11    

	
1.28   ×   10  − 11    




	
 

	
15

	
3.58   ×   10  − 01    

	
3.44   ×   10  − 01    

	
5.09   ×   10  − 01    

	
1.24   ×   10  − 01    

	
1.18   ×   10  − 01    

	
1.88   ×   10  − 01    

	
7.21   ×   10  − 08    

	
9.40   ×   10  − 08    

	
1.17   ×   10  − 07    




	
 

	
30

	
1.79    ×   10  + 00    

	
1.92   ×   10  + 00    

	
3.03   ×   10  + 00    

	
1.41   ×   10  + 00    

	
1.52   ×   10  + 00    

	
2.42   ×   10  + 00    

	
1.19   ×   10  − 03    

	
1.38   ×   10  − 03    

	
2.08   ×   10  − 03    




	
    51  Sc

	
5

	
3.04   ×   10  − 02    

	
1.15   ×   10  − 02    

	
1.04   ×   10  − 02    

	
2.14   ×   10  − 03    

	
7.71   ×   10  − 04    

	
6.81   ×   10  − 04    

	
4.68   ×   10  − 20    

	
3.70   ×   10  − 20    

	
3.47   ×   10  − 20    




	
 

	
10

	
1.58   ×   10  − 01    

	
9.59   ×   10  − 02    

	
1.28   ×   10  − 01    

	
4.73   ×   10  − 02    

	
1.68   ×   10  − 02    

	
2.46   ×   10  − 02    

	
1.28   ×   10  − 10    

	
7.48   ×   10  − 11    

	
6.79   ×   10  − 11    




	
 

	
15

	
1.05   ×   10  + 00    

	
4.01   ×   10  − 01    

	
5.68   ×   10  − 01    

	
5.22   ×   10  − 01    

	
1.45   ×   10  − 01    

	
2.11   ×   10  − 01    

	
6.22   ×   10  − 07    

	
2.37   ×   10  − 07    

	
2.10   ×   10  − 07    




	
 

	
30

	
8.61   ×   10  + 00    

	
3.13   ×   10  + 00    

	
2.79   ×   10  + 00    

	
7.16   ×   10  + 00    

	
2.55   ×   10  + 00    

	
2.22   ×   10  + 00    

	
8.15   ×   10  − 03    

	
3.33   ×   10  − 03    

	
2.06   ×   10  − 03    




	
    51  Ti

	
5

	
4.62   ×   10  − 03    

	
3.56   ×   10  − 03    

	
2.86   ×   10  − 03    

	
8.87   ×   10  − 05    

	
7.98   ×   10  − 05    

	
7.83   ×   10  − 05    

	
1.48   ×   10  − 23    

	
1.35   ×   10  − 23    

	
1.44   ×   10  − 23    




	
 

	
10

	
4.63   ×   10  − 02    

	
4.41   ×   10  − 02    

	
4.32   ×   10  − 02    

	
7.67   ×   10  − 03    

	
7.60   ×   10  − 03    

	
7.87   ×   10  − 03    

	
2.86   ×   10  − 12    

	
2.91   ×   10  − 12    

	
3.10   ×   10  − 12    




	
 

	
15

	
1.63   ×   10  − 01    

	
1.86   ×   10  − 01    

	
1.80   ×   10  − 01    

	
5.69   ×   10  − 02    

	
6.71   ×   10  − 02    

	
6.58   ×   10  − 02    

	
2.80   ×   10  − 08    

	
3.53   ×   10  − 08    

	
3.41   ×   10  − 08    




	
 

	
30

	
8.73   ×   10  − 02    

	
1.95   ×   10  + 00    

	
1.03   ×   10  + 00    

	
6.89   ×   10  − 01    

	
1.56   ×   10  + 00    

	
8.17   ×   10  − 01    

	
5.53   ×   10  − 04    

	
1.37   ×   10  − 03    

	
6.81   ×   10  − 04    




	
    52  V

	
5

	
5.41   ×   10  − 04    

	
8.32   ×   10  − 04    

	
7.38   ×   10  − 04    

	
1.46   ×   10  − 06    

	
4.92   ×   10  − 06    

	
4.40   ×   10  − 06    

	
1.61   ×   10  − 25    

	
5.85   ×   10  − 25    

	
5.22   ×   10  − 25    




	
 

	
10

	
1.34   ×   10  − 02    

	
1.98   ×   10  − 02    

	
1.91   ×   10  − 02    

	
1.01   ×   10  − 03    

	
2.02   ×   10  − 03    

	
1.97   ×   10  − 03    

	
2.90   ×   10  − 13    

	
6.27   ×   10  − 13    

	
6.08   ×   10  − 13    




	
 

	
15

	
5.19   ×   10  − 02    

	
8.61   ×   10  − 02    

	
8.81   ×   10  − 02    

	
1.27   ×   10  − 02    

	
2.43   ×   10  − 02    

	
2.49   ×   10  − 02    

	
4.95   ×   10  − 09    

	
1.01   ×   10  − 08    

	
1.04   ×   10  − 08    




	
 

	
30

	
2.81   ×   10  − 01    

	
5.27   ×   10  − 01    

	
5.69   ×   10  − 01    

	
2.11   ×   10  − 01    

	
4.04   ×   10  − 01    

	
4.36   ×   10  − 01    

	
1.41   ×   10  − 04    

	
2.86   ×   10  − 04    

	
3.08   ×   10  − 04    




	
    53  Ti

	
5

	
4.70   ×   10  − 02    

	
2.71   ×   10  − 02    

	
2.82   ×   10  − 02    

	
9.77   ×   10  − 03    

	
5.81   ×   10  − 03    

	
6.04   ×   10  − 03    

	
1.16   ×   10  − 20    

	
9.35   ×   10  − 21    

	
9.53   ×   10  − 21    




	
 

	
10

	
5.36   ×   10  − 01    

	
4.28   ×   10  − 01    

	
4.36   ×   10  − 01    

	
1.82   ×   10  − 01    

	
1.54   ×   10  − 01    

	
1.56   ×   10  − 01    

	
1.52   ×   10  − 10    

	
1.61   ×   10  − 10    

	
1.60   ×   10  − 10    




	
 

	
15

	
1.54   ×   10  + 00    

	
1.63   ×   10  + 00    

	
1.59   ×   10  + 00    

	
7.48   ×   10  − 01    

	
8.28   ×   10  − 01    

	
8.04   ×   10  − 01    

	
6.32   ×   10  − 07    

	
8.59   ×   10  − 7    

	
8.00   ×   10  − 07    




	
 

	
30

	
6.32   ×   10  + 00    

	
1.18   ×   10  + 01    

	
7.50   ×   10  + 00    

	
5.24   ×   10  + 00    

	
9.89   ×   10  + 00    

	
6.25   ×   10  + 00    

	
5.61   ×   10  − 03    

	
1.22   ×   10  − 02    

	
7.28   ×   10  − 03    




	
    53  V

	
5

	
5.93   ×   10  − 03    

	
3.72   ×   10  − 03    

	
4.24   ×   10  − 03    

	
2.43   ×   10  − 05    

	
1.71   ×   10  − 05    

	
1.70   ×   10  − 05    

	
2.18   ×   10  − 23    

	
1.40   ×   10  − 23    

	
1.14   ×   10  − 23    




	
 

	
10

	
2.78   ×   10  − 02    

	
1.85   ×   10  − 02    

	
2.02   ×   10  − 02    

	
4.63   ×   10  − 03    

	
2.29   ×   10  − 03    

	
2.30   ×   10  − 03    

	
2.98   ×   10  − 12    

	
1.39   ×   10  − 12    

	
1.25   ×   10  − 12    




	
 

	
15

	
2.17   ×   10  − 01    

	
1.10   ×   10  − 01    

	
1.14   ×   10  − 01    

	
7.89   ×   10  − 02    

	
3.40   ×   10  − 02    

	
3.37   ×   10  − 02    

	
4.66   ×   10  − 08    

	
1.86   ×   10  − 08    

	
1.70   ×   10  − 08    




	
 

	
30

	
1.82   ×   10  + 00    

	
1.07   ×   10  + 00    

	
6.97   ×   10  − 01    

	
1.44   ×   10  + 00    

	
8.36   ×   10  − 01    

	
5.38   ×   10  − 01    

	
1.21   ×   10  − 03    

	
6.93   ×   10  − 04    

	
4.05   ×   10  − 04    




	
    55  Cr

	
5

	
9.64   ×   10  − 03    

	
7.23   ×   10  − 03    

	
6.82   ×   10  − 03    

	
9.10   ×   10  − 05    

	
6.53   ×   10  − 05    

	
6.12   ×   10  − 05    

	
1.29   ×   10  − 23    

	
9.25   ×   10  − 24    

	
8.47   ×   10  − 24    




	
 

	
10

	
4.47   ×   10  − 02    

	
3.21   ×   10  − 02    

	
3.13   ×   10  − 02    

	
5.79   ×   10  − 03    

	
4.17   ×   10  − 03    

	
4.00   ×   10  − 03    

	
2.03   ×   10  − 12    

	
1.49   ×   10  − 12    

	
1.37   ×   10  − 12    




	
 

	
15

	
1.22   ×   10  − 01    

	
1.02   ×   10  − 01    

	
9.48   ×   10  − 02    

	
3.87   ×   10  − 02    

	
3.31   ×   10  − 02    

	
3.01   ×   10  − 02    

	
1.83   ×   10  − 08    

	
1.73   ×   10  − 08    

	
1.39   ×   10  − 08    




	
 

	
30

	
5.41   ×   10  − 01    

	
1.00   ×   10  + 00    

	
4.56   ×   10  − 01    

	
4.22   ×   10  − 01    

	
8.00   ×   10  − 01    

	
3.56   ×   10  − 01    

	
3.27   ×   10  − 04    

	
7.41   ×   10  − 04    

	
2.74   ×   10  − 04    




	
    56  Mn

	
5

	
1.57   ×   10  − 04    

	
5.77   ×   10  − 04    

	
5.05   ×   10  − 04    

	
1.40   ×   10  − 07    

	
7.23   ×   10  − 07    

	
5.82   ×   10  − 07    

	
1.76   ×   10  − 26    

	
9.23   ×   10  − 26    

	
7.71   ×   10  − 26    




	
 

	
10

	
2.81   ×   10  − 03    

	
5.97   ×   10  − 03    

	
5.60   ×   10  − 03    

	
1.56   ×   10  − 04    

	
3.93   ×   10  − 04    

	
3.66   ×   10  − 04    

	
5.01   ×   10  − 04    

	
1.31   ×   10  − 13    

	
1.24   ×   10  − 13    




	
 

	
15

	
1.14   ×   10  − 02    

	
2.45   ×   10  − 02    

	
2.41   ×   10  − 02    

	
2.54   ×   10  − 03    

	
5.87   ×   10  − 03    

	
5.78   ×   10  − 03    

	
1.04   ×   10  − 09    

	
2.48   ×   10  − 09    

	
2.45   ×   10  − 09    




	
 

	
30

	
7.05   ×   10  − 02    

	
1.60   ×   10  − 01    

	
1.63   ×   10  − 01    

	
5.25   ×   10  − 02    

	
1.20   ×   10  − 01    

	
1.23   ×   10  − 01    

	
3.47   ×   10  − 05    

	
8.15   ×   10  − 05    

	
8.36   ×   10  − 05    











 





Table 4. Comparison of calculated stellar  β -decay rates for      57 , 58   Cr,      57 , 59   Mn,     57  Ni, 60–63Co, and 61–63Fe as functions of pairing gap values. The stellar core temperatures are given in units of   G K   and densities are given in units of gcm−3.
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Nuclei

	
T

	
  ρ   =    10 7   

	
  ρ   =    10 9   

	
  ρ   =    10 11   




	

	

	
TF

	
3TF

	
5TF

	
TF

	
3TF

	
5TF

	
TF

	
3TF

	
5TF






	
    57  Cr

	
5

	
1.31   ×   10  − 02    

	
1.17   ×   10  − 01    

	
1.16   ×   10  − 01    

	
1.68   ×   10  − 03    

	
7.64   ×   10  − 03    

	
7.64   ×   10  − 03    

	
1.46   ×   10  − 20    

	
2.59   ×   10  − 21    

	
2.67   ×   10  − 21    




	
 

	
10

	
1.34   ×   10  − 01    

	
3.23   ×   10  − 01    

	
3.24   ×   10  − 01    

	
4.75   ×   10  − 02    

	
7.38   ×   10  − 02    

	
7.43   ×   10  − 02    

	
2.04   ×   10  − 010    

	
4.03   ×   10  − 11    

	
4.09   ×   10  − 11    




	
 

	
15

	
6.84   ×   10  − 01    

	
8.87   ×   10  − 01    

	
8.55   ×   10  − 01    

	
3.69   ×   10  − 01    

	
3.61   ×   10  − 01    

	
3.46   ×   10  − 01    

	
8.39   ×   10  − 07    

	
2.40   ×   10  − 07    

	
2.21   ×   10  − 07    




	
 

	
30

	
4.63   ×   10  + 00    

	
5.43   ×   10  + 00    

	
3.44   ×   10  + 00    

	
3.94   ×   10  + 00    

	
4.43   ×   10  + 00    

	
2.77   ×   10  + 00    

	
6.05   ×   10  − 03    

	
4.50   ×   10  − 03    

	
2.55   ×   10  − 03    




	
    57  Mn

	
5

	
8.81   ×   10  − 03    

	
8.32   ×   10  − 03    

	
8.32   ×   10  − 03    

	
1.51   ×   10  − 05    

	
1.36   ×   10  − 05    

	
1.36   ×   10  − 05    

	
3.46   ×   10  − 24    

	
2.13   ×   10  − 24    

	
2.66   ×   10  − 24    




	
 

	
10

	
1.59   ×   10  − 02    

	
1.31   ×   10  − 02    

	
1.31   ×   10  − 02    

	
1.27   ×   10  − 03    

	
7.80   ×   10  − 04    

	
8.09   ×   10  − 04    

	
5.85   ×   10  − 13    

	
3.22   ×   10  − 13    

	
3.72   ×   10  − 13    




	
 

	
15

	
6.21   ×   10  − 02    

	
3.54   ×   10  − 02    

	
3.26   ×   10  − 02    

	
1.70   ×   10  − 02    

	
8.71   ×   10  − 03    

	
7.60   ×   10  − 03    

	
8.28   ×   10  − 09    

	
5.64   ×   10  − 09    

	
3.81   ×   10  − 09    




	
 

	
30

	
4.31   ×   10  − 01    

	
4.30   ×   10  − 01    

	
1.46   ×   10  − 01    

	
3.30   ×   10  − 01    

	
3.44   ×   10  − 01    

	
1.10   ×   10  − 01    

	
2.42   ×   10  − 04    

	
4.06   ×   10  − 04    

	
7.83   ×   10  − 05    




	
    57  Ni

	
5

	
   <  10  − 100     

	
3.21   ×   10  − 20    

	
   <  10  − 100     

	
   <  10  − 100     

	
2.47   ×   10  − 24    

	
   <  10  − 100     

	
   <  10  − 100     

	
2.49   ×   10  − 43    

	
   <  10  − 100     




	
 

	
10

	
   <  10  − 100     

	
1.79   ×   10  − 13    

	
   <  10  − 100     

	
   <  10  − 100     

	
2.55   ×   10  − 15    

	
   <  10  − 100     

	
   <  10  − 100     

	
5.90   ×   10  − 25    

	
   <  10  − 100     




	
 

	
15

	
   <  10  − 100     

	
2.86   ×   10  − 11    

	
   <  10  − 100     

	
   <  10  − 100     

	
2.99   ×   10  − 12    

	
   <  10  − 100     

	
   <  10  − 100     

	
8.45   ×   10  − 19    

	
   <  10  − 100     




	
 

	
30

	
   <  10  − 100     

	
5.14   ×   10  − 09    

	
   <  10  − 100     

	
   <  10  − 100     

	
3.44   ×   10  − 09    

	
   <  10  − 100     

	
   <  10  − 100     

	
1.60   ×   10  − 12    

	
   <  10  − 100     




	
    58  Cr

	
5

	
6.82   ×   10  − 02    

	
7.29   ×   10  − 02    

	
7.18   ×   10  − 02    

	
1.40   ×   10  − 03    

	
1.49   ×   10  − 03    

	
1.54   ×   10  − 03    

	
3.23   ×   10  − 21    

	
2.96   ×   10  − 21    

	
2.99   ×   10  − 21    




	
 

	
10

	
5.06   ×   10  − 01    

	
5.89   ×   10  − 01    

	
5.26   ×   10  − 01    

	
1.71   ×   10  − 01    

	
1.94   ×   10  − 01    

	
1.73   ×   10  − 01    

	
2.13   ×   10  − 10    

	
2.26   ×   10  − 10    

	
1.95   ×   10  − 10    




	
 

	
15

	
1.50   ×   10  + 00    

	
2.47   ×   10  + 00    

	
1.45   ×   10  + 00    

	
7.60   ×   10  − 01    

	
1.23   ×   10  + 00    

	
7.19   ×   10  − 01    

	
8.32   ×   10  − 07    

	
1.31   ×   10  − 06    

	
7.31   ×   10  − 07    




	
 

	
30

	
2.27   ×   10  + 00    

	
8.20   ×   10  + 00    

	
2.06   ×   10  + 00    

	
1.90   ×   10  + 00    

	
6.87   ×   10  + 00    

	
1.71   ×   10  + 00    

	
2.30   ×   10  − 03    

	
8.71   ×   10  − 03    

	
1.99   ×   10  − 03    




	
    59  Mn

	
5

	
2.45   ×   10  − 01    

	
2.54   ×   10  − 01    

	
2.52   ×   10  − 01    

	
1.29   ×   10  − 02    

	
1.42   ×   10  − 02    

	
1.40   ×   10  − 02    

	
2.99   ×   10  − 21    

	
3.42   ×   10  − 21    

	
3.14   ×   10  − 21    




	
 

	
10

	
3.43   ×   10  − 01    

	
4.06   ×   10  − 01    

	
4.12   ×   10  − 01    

	
6.43   ×   10  − 02    

	
7.26   ×   10  − 02    

	
7.35   ×   10  − 02    

	
3.32   ×   10  − 11    

	
3.77   ×   10  − 11    

	
3.48   ×   10  − 11    




	
 

	
15

	
9.02   ×   10  − 01    

	
8.99   ×   10  − 01    

	
9.40   ×   10  − 01    

	
3.40   ×   10  − 01    

	
3.19   ×   10  − 01    

	
3.30   ×   10  − 01    

	
2.12   ×   10  − 07    

	
2.08   ×   10  − 07    

	
1.90   ×   10  − 07    




	
 

	
30

	
4.27   ×   10  + 00    

	
4.02   ×   10  + 00    

	
3.16   ×   10  + 00    

	
3.41   ×   10  + 00    

	
3.21   ×   10  + 00    

	
2.49   ×   10  + 00    

	
3.08   ×   10  − 03    

	
3.18   ×   10  − 03    

	
2.13   ×   10  − 03    




	
    60  Co

	
5

	
3.61   ×   10  − 05    

	
1.32   ×   10  − 04    

	
1.31   ×   10  − 04    

	
2.12   ×   10  − 08    

	
7.11   ×   10  − 08    

	
7.08   ×   10  − 08    

	
2.81   ×   10  − 27    

	
8.97   ×   10  − 27    

	
9.16   ×   10  − 27    




	
 

	
10

	
7.67   ×   10  − 04    

	
1.67   ×   10  − 03    

	
1.60   ×   10  − 03    

	
4.34   ×   10  − 05    

	
8.24   ×   10  − 05    

	
8.17   ×   10  − 05    

	
1.35   ×   10  − 14    

	
2.43   ×   10  − 14    

	
2.44   ×   10  − 14    




	
 

	
15

	
3.56   ×   10  − 03    

	
6.73   ×   10  − 03    

	
6.59   ×   10  − 03    

	
8.02   ×   10  − 04    

	
1.42   ×   10  − 03    

	
1.40   ×   10  − 03    

	
3.21   ×   10  − 10    

	
5.38   ×   10  − 10    

	
5.33   ×   10  − 10    




	
 

	
30

	
2.28   ×   10  − 02    

	
4.03   ×   10  − 02    

	
3.90   ×   10  − 02    

	
1.69   ×   10  − 02    

	
2.97   ×   10  − 02    

	
2.88   ×   10  − 02    

	
1.10   ×   10  − 05    

	
1.87   ×   10  − 05    

	
1.81   ×   10  − 05    




	
    61  Co

	
5

	
8.59   ×   10  − 04    

	
5.04   ×   10  + 00    

	
7.23   ×   10  − 04    

	
5.77   ×   10  − 07    

	
1.40   ×   10  + 00    

	
4.36   ×   10  − 07    

	
6.61   ×   10  − 26    

	
3.48   ×   10  − 15    

	
5.50   ×   10  − 26    




	
 

	
10

	
3.27   ×   10  − 03    

	
8.65   ×   10  + 00    

	
2.51   ×   10  − 03    

	
1.81   ×   10  − 04    

	
4.04   ×   10  + 00    

	
1.37   ×   10  − 04    

	
5.32   ×   10  − 14    

	
5.79   ×   10  − 08    

	
4.26   ×   10  − 14    




	
 

	
15

	
1.37   ×   10  − 02    

	
2.37   ×   10  + 01    

	
9.64   ×   10  − 03    

	
3.10   ×   10  − 03    

	
1.49   ×   10  + 01    

	
2.21   ×   10  − 03    

	
1.21   ×   10  − 02    

	
5.89   ×   10  − 05    

	
8.85   ×   10  − 10    




	
 

	
30

	
9.55   ×   10  − 02    

	
1.26   ×   10  + 02    

	
6.47   ×   10  − 02    

	
7.18   ×   10  − 02    

	
1.10   ×   10  + 02    

	
4.88   ×   10  − 02    

	
4.82   ×   10  − 05    

	
2.23   ×   10  − 01    

	
3.30   ×   10  − 05    




	
    61  Fe

	
5

	
5.36   ×   10  − 02    

	
4.52   ×   10  − 02    

	
4.69   ×   10  − 02    

	
1.66   ×   10  − 03    

	
1.50   ×   10  − 03    

	
1.53   ×   10  − 03    

	
3.43   ×   10  − 22    

	
2.73   ×   10  − 22    

	
2.74   ×   10  − 22    




	
 

	
10

	
1.53   ×   10  − 01    

	
1.37   ×   10  − 01    

	
1.41   ×   10  − 01    

	
2.57   ×   10  − 02    

	
2.19   ×   10  − 02    

	
2.25   ×   10  − 02    

	
1.12   ×   10  − 11    

	
8.81   ×   10  − 12    

	
8.97   ×   10  − 12    




	
 

	
15

	
4.53   ×   10  − 01    

	
4.01   ×   10  − 01    

	
4.02   ×   10  − 01    

	
1.60   ×   10  − 01    

	
1.38   ×   10  − 01    

	
1.38   ×   10  − 01    

	
8.89   ×   10  − 08    

	
7.52   ×   10  − 08    

	
7.18   ×   10  − 08    




	
 

	
30

	
2.18   ×   10  + 00    

	
2.74   ×   10  + 00    

	
1.78   ×   10  + 00    

	
1.73   ×   10  + 00    

	
2.19   ×   10  + 00    

	
1.41   ×   10  + 00    

	
1.49   ×   10  − 03    

	
2.03   ×   10  − 03    

	
1.17   ×   10  − 03    




	
    62  Co

	
5

	
1.49   ×   10  − 02    

	
3.19   ×   10  − 01    

	
3.21   ×   10  − 01    

	
3.01   ×   10  − 05    

	
2.10   ×   10  − 02    

	
2.10   ×   10  − 02    

	
3.60   ×   10  − 24    

	
5.00   ×   10  − 21    

	
5.41   ×   10  − 21    




	
 

	
10

	
5.02   ×   10  − 02    

	
7.19   ×   10  − 01    

	
7.13   ×   10  − 01    

	
3.44   ×   10  − 03    

	
1.44   ×   10  − 01    

	
1.42   ×   10  − 01    

	
1.07   ×   10  − 012    

	
6.70   ×   10  − 11    

	
6.93   ×   10  − 11    




	
 

	
15

	
1.19   ×   10  − 01    

	
1.75   ×   10  + 00    

	
1.76   ×   10  + 00    

	
2.95   ×   10  − 02    

	
6.64   ×   10  − 01    

	
6.62   ×   10  − 01    

	
1.24   ×   10  − 08    

	
3.94   ×   10  − 07    

	
3.90   ×   10  − 07    




	
 

	
30

	
5.42   ×   10  − 01    

	
7.14   ×   10  + 00    

	
5.66   ×   10  + 00    

	
4.11   ×   10  − 01    

	
5.74   ×   10  + 00    

	
4.52   ×   10  + 00    

	
2.88   ×   10  − 04    

	
5.43   ×   10  − 03    

	
3.98   ×   10  − 03    




	
    62  Fe

	
5

	
9.18   ×   10  − 03    

	
6.18   ×   10  − 03    

	
1.03   ×   10  − 02    

	
5.37   ×   10  − 05    

	
2.70   ×   10  − 04    

	
4.90   ×   10  − 05    

	
6.46   ×   10  − 24    

	
1.27   ×   10  − 22    

	
6.05   ×   10  − 24    




	
 

	
10

	
3.34   ×   10  − 02    

	
2.52   ×   10  − 01    

	
3.33   ×   10  − 02    

	
3.11   ×   10  − 03    

	
6.22   ×   10  − 02    

	
3.01   ×   10  − 03    

	
9.89   ×   10  − 13    

	
4.09   ×   10  − 11    

	
9.82   ×   10  − 13    




	
 

	
15

	
1.06   ×   10  − 01    

	
1.11   ×   10  + 00    

	
1.08   ×   10  − 01    

	
2.89   ×   10  − 02    

	
4.73   ×   10  − 01    

	
3.01   ×   10  − 02    

	
1.25   ×   10  − 08    

	
3.66   ×   10  − 07    

	
1.33   ×   10  − 08    




	
 

	
30

	
5.46   ×   10  − 01    

	
4.18   ×   10  + 00    

	
5.90   ×   10  − 01    

	
4.20   ×   10  − 01    

	
3.44   ×   10  + 00    

	
4.55   ×   10  − 01    

	
3.08   ×   10  − 04    

	
3.90   ×   10  − 03    

	
3.40   ×   10  − 04    




	
    63  Co

	
5

	
7.16   ×   10  − 02    

	
6.81   ×   10  − 02    

	
7.57   ×   10  − 02    

	
5.56   ×   10  − 04    

	
4.56   ×   10  − 04    

	
5.75   ×   10  − 04    

	
7.46   ×   10  − 23    

	
5.65   ×   10  − 23    

	
7.66   ×   10 23   




	
 

	
10

	
1.30   ×   10  − 01    

	
1.30   ×   10  − 01    

	
1.68   ×   10  − 01    

	
1.31   ×   10  − 02    

	
1.16   ×   10  − 02    

	
1.59   ×   10  − 02    

	
4.57   ×   10  − 12    

	
3.74   ×   10  − 12    

	
5.22   ×   10  − 12    




	
 

	
15

	
3.27   ×   10  − 01    

	
2.85   ×   10  − 01    

	
3.69   ×   10  − 01    

	
9.40   ×   10  − 02    

	
7.62   ×   10  − 02    

	
9.98   ×   10  − 02    

	
4.43   ×   10  − 08    

	
3.37   ×   10  − 08    

	
4.35   ×   10  − 08    




	
 

	
30

	
1.33   ×   10  + 00    

	
1.22   ×   10  + 00    

	
1.06   ×   10  + 00    

	
1.04   ×   10  + 00    

	
9.42   ×   10  − 01    

	
8.15   ×   10  − 01    

	
8.02   ×   10  − 04    

	
7.35   ×   10  − 04    

	
5.96   ×   10  − 04    




	
    63  Fe

	
5

	
7.16   ×   10  − 02    

	
6.81   ×   10  − 02    

	
7.57   ×   10  − 02    

	
5.56   ×   10  − 04    

	
4.56   ×   10  − 04    

	
5.75   ×   10  − 04    

	
7.46   ×   10  − 23    

	
5.65   ×   10  − 23    

	
7.66   ×   10  − 23    




	
 

	
10

	
1.30   ×   10  − 01    

	
1.30   ×   10  − 01    

	
1.68   ×   10  − 01    

	
1.31   ×   10  − 02    

	
1.16   ×   10  − 02    

	
1.59   ×   10  − 02    

	
4.57   ×   10  − 12    

	
3.74   ×   10  − 12    

	
5.22   ×   10  − 12    




	
 

	
15

	
3.27   ×   10  − 01    

	
2.85   ×   10  − 01    

	
3.69   ×   10  − 01    

	
9.40   ×   10  − 02    

	
7.62   ×   10  − 02    

	
9.98   ×   10  − 02    

	
4.43   ×   10  − 08    

	
3.37   ×   10  − 08    

	
4.35   ×   10  − 08    




	
 

	
30

	
1.33   ×   10  + 00    

	
1.22   ×   10  + 00    

	
1.06   ×   10  + 00    

	
1.04   ×   10  + 00    

	
9.42   ×   10  − 01    

	
8.15   ×   10  − 01    

	
8.02   ×   10  − 04    

	
7.35   ×   10  − 04    

	
5.96   ×   10  − 04    











 





Table 5. Comparison of calculated stellar  β -decay rates for      63 , 65 , 67   Ni,      64 , 65 , 67   Co, and 64,66–70Cu as functions of pairing gap values. The stellar core temperatures are given in units of   G K   and densities are given in units of gcm−3.
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Nuclei

	
T

	
  ρ   =    10 7   

	
  ρ   =    10 9   

	
  ρ   =    10 11   




	

	

	
TF

	
3TF

	
5TF

	
TF

	
3TF

	
5TF

	
TF

	
3TF

	
5TF






	
    63  Ni

	
5

	
1.02   ×   10  − 05    

	
9.73   ×   10  − 06    

	
8.69   ×   10  − 06    

	
6.25   ×   10  − 09    

	
7.48   ×   10  − 09    

	
7.06   ×   10  − 09    

	
6.59   ×   10  − 28    

	
8.83   ×   10  − 28    

	
7.38   ×   10  − 28    




	
 

	
10

	
3.30   ×   10  − 04    

	
3.91   ×   10  − 04    

	
2.35   ×   10  − 04    

	
1.82   ×   10  − 05    

	
3.95   ×   10  − 05    

	
1.31   ×   10  − 05    

	
4.86   ×   10  − 15    

	
6.46   ×   10  − 14    

	
3.50   ×   10  − 15    




	
 

	
15

	
3.26   ×   10  − 03    

	
1.01   ×   10  − 02    

	
1.97   ×   10  − 03    

	
6.89   ×   10  − 04    

	
4.23   ×   10  − 03    

	
4.10   ×   10  − 04    

	
2.45   ×   10  − 10    

	
7.19   ×   10  − 09    

	
1.45   ×   10  − 10    




	
 

	
30

	
3.29   ×   10  − 02    

	
7.46   ×   10  − 01    

	
1.85   ×   10  − 02    

	
2.43   ×   10  − 02    

	
6.32   ×   10  − 01    

	
1.37   ×   10  − 02    

	
1.52   ×   10  − 05    

	
9.77   ×   10  − 04    

	
8.43   ×   10  − 06    




	
    64  Co

	
5

	
5.22   ×   10  − 01    

	
1.02   ×   10  + 00    

	
9.79   ×   10  − 01    

	
1.03   ×   10  − 02    

	
6.97   ×   10  − 02    

	
6.65   ×   10  − 02    

	
1.48   ×   10  − 21    

	
1.50   ×   10  − 20    

	
1.50   ×   10  − 20    




	
 

	
10

	
8.17   ×   10  − 01    

	
2.00   ×   10  + 00    

	
1.86   ×   10  + 00    

	
1.06   ×   10  − 01    

	
3.94   ×   10  − 01    

	
3.66   ×   10  − 01    

	
3.89   ×   10  − 11    

	
1.67   ×   10  − 10    

	
1.57   ×   10  − 10    




	
 

	
15

	
1.40   ×   10  + 00    

	
3.78   ×   10  + 00    

	
3.44   ×   10  + 00    

	
4.43   ×   10  − 01    

	
1.40   ×   10  + 00    

	
1.27   ×   10  + 00    

	
2.16   ×   10  − 07    

	
7.46   ×   10  − 07    

	
6.82   ×   10  − 07    




	
 

	
30

	
4.59   ×   10  + 00    

	
1.09   ×   10  + 01    

	
9.86   ×   10  + 00    

	
3.59   ×   10  + 00    

	
8.65   ×   10  + 00    

	
7.82   ×   10  + 00    

	
2.84   ×   10  − 03    

	
7.21   ×   10  − 03    

	
6.55   ×   10  − 03    




	
    64  Cu

	
5

	
1.32   ×   10  − 08    

	
2.71   ×   10  − 08    

	
3.76   ×   10  − 08    

	
3.47   ×   10  − 12    

	
9.82   ×   10  − 12    

	
1.21   ×   10  − 11    

	
4.03   ×   10  − 31    

	
1.03   ×   10  − 30    

	
1.29   ×   10  − 30    




	
 

	
10

	
2.34   ×   10  − 06    

	
4.94   ×   10  − 06    

	
5.87   ×   10  − 06    

	
9.66   ×   10  − 08    

	
1.60   ×   10  − 07    

	
2.13   ×   10  − 07    

	
2.91   ×   10  − 17    

	
4.02   ×   10  − 17    

	
5.55   ×   10  − 17    




	
 

	
15

	
1.99   ×   10  − 05    

	
4.17   ×   10  − 05    

	
5.55   ×   10  − 05    

	
3.96   ×   10  − 06    

	
6.85   ×   10  − 06    

	
9.84   ×   10  − 06    

	
1.54   ×   10  − 12    

	
2.20   ×   10  − 12    

	
3.27   ×   10  − 12    




	
 

	
30

	
1.98   ×   10  − 04    

	
3.98   ×   10  − 04    

	
5.92   ×   10  − 04    

	
1.45   ×   10  − 04    

	
2.85   ×   10  − 04    

	
4.28   ×   10  − 04    

	
9.18   ×   10  − 08    

	
1.58   ×   10  − 07    

	
2.47   ×   10  − 07    




	
    65  Co

	
5

	
9.25   ×   10  − 01    

	
8.09   ×   10  − 01    

	
9.25   ×   10  − 01    

	
1.10   ×   10  − 01    

	
8.43   ×   10  − 02    

	
9.95   ×   10  − 02    

	
5.21   ×   10  − 20    

	
2.96   ×   10  − 20    

	
3.75   ×   10  − 20    




	
 

	
10

	
1.69   ×   10  + 00    

	
1.73   ×   10  + 00    

	
2.04   ×   10  + 00    

	
4.26   ×   10  − 01    

	
3.97   ×   10  − 01    

	
4.79   ×   10  − 01    

	
2.67   ×   10  − 10    

	
2.12   ×   10  − 10    

	
2.62   ×   10  − 10    




	
 

	
15

	
3.82   ×   10  + 00    

	
3.43   ×   10  + 00    

	
4.08   ×   10  + 00    

	
1.60   ×   10  + 00    

	
1.36   ×   10  + 00    

	
1.64   ×   10  + 00    

	
1.12   ×   10  − 06    

	
8.63   ×   10  − 07    

	
1.04   ×   10  − 06    




	
 

	
30

	
1.17   ×   10  + 01    

	
9.75   ×   10  + 00    

	
9.42   ×   10  + 00    

	
9.53   ×   10  + 00    

	
7.85   ×   10  + 00    

	
7.57   ×   10  + 00    

	
9.12   ×   10  − 03    

	
7.33   ×   10  − 03    

	
6.93   ×   10  − 03    




	
    65  Ni

	
5

	
3.66   ×   10  − 03    

	
3.10   ×   10  − 03    

	
3.26   ×   10  − 03    

	
3.74   ×   10  − 06    

	
2.93   ×   10  − 06    

	
3.18   ×   10  − 06    

	
8.04   ×   10  − 25    

	
6.70   ×   10  − 25    

	
6.76   ×   10  − 25    




	
 

	
10

	
1.72   ×   10  − 02    

	
1.18   ×   10  − 02    

	
1.54   ×   10  − 02    

	
1.67   ×   10  − 03    

	
1.04   ×   10  − 03    

	
1.29   ×   10  − 03    

	
6.19   ×   10  − 13    

	
3.94   ×   10  − 13    

	
4.62   ×   10  − 13    




	
 

	
15

	
1.10   ×   10  − 01    

	
7.74   ×   10  − 02    

	
9.04   ×   10  − 02    

	
3.22   ×   10  − 02    

	
2.22   ×   10  − 02    

	
2.45   ×   10  − 02    

	
1.48   ×   10  − 08    

	
1.06   ×   10  − 08    

	
1.07   ×   10  − 08    




	
 

	
30

	
8.05   ×   10  − 01    

	
1.03   ×   10  + 00    

	
6.10   ×   10  − 01    

	
6.24   ×   10  − 01    

	
8.04   ×   10  − 01    

	
4.67   ×   10  − 01    

	
4.71   ×   10  − 04    

	
6.55   ×   10  − 04    

	
3.39   ×   10  − 04    




	
    66  Cu

	
5

	
1.52   ×   10  − 05    

	
7.33   ×   10  − 05    

	
8.05   ×   10  − 05    

	
4.14   ×   10  − 09    

	
1.91   ×   10  − 08    

	
2.00   ×   10  − 08    

	
4.99   ×   10  − 28    

	
2.00   ×   10  − 27    

	
2.09   ×   10  − 27    




	
 

	
10

	
1.94   ×   10  − 04    

	
5.40   ×   10  − 04    

	
5.40   ×   10  − 04    

	
7.57   ×   10  − 06    

	
1.85   ×   10  − 05    

	
1.78   ×   10  − 05    

	
2.33   ×   10  − 15    

	
4.82   ×   10  − 15    

	
4.62   ×   10  − 15    




	
 

	
15

	
8.61   ×   10  − 04    

	
1.95   ×   10  − 03    

	
1.91   ×   10  − 03    

	
1.60   ×   10  − 04    

	
3.47   ×   10  − 04    

	
3.35   ×   10  − 04    

	
6.07   ×   10  − 11    

	
1.17   ×   10  − 10    

	
1.13   ×   10  − 10    




	
 

	
30

	
5.71   ×   10  − 03    

	
1.17   ×   10  − 02    

	
1.17   ×   10  − 02    

	
4.15   ×   10  − 03    

	
8.49   ×   10  − 03    

	
8.43   ×   10  − 03    

	
2.52   ×   10  − 06    

	
4.97   ×   10  − 06    

	
4.92   ×   10  − 06    




	
    67  Co

	
5

	
7.00   ×   10  + 00    

	
6.12   ×   10  + 00    

	
6.62   ×   10  + 00    

	
2.36   ×   10  + 00    

	
2.06   ×   10  + 00    

	
2.33   ×   10  + 00    

	
2.83   ×   10  − 17    

	
2.25   ×   10  − 17    

	
2.82   ×   10  − 17    




	
 

	
10

	
1.06   ×   10  + 01    

	
1.16   ×   10  + 01    

	
1.23   ×   10  + 01    

	
4.58   ×   10  + 00    

	
4.88   ×   10  + 00    

	
5.46   ×   10  + 00    

	
9.75   ×   10  − 09    

	
9.77   ×   10  − 09    

	
1.78   ×   10  − 08    




	
 

	
15

	
2.21   ×   10  + 01    

	
2.29   ×   10  + 01    

	
2.67   ×   10  + 01    

	
1.22   ×   10  + 01    

	
1.24   ×   10  + 01    

	
1.52   ×   10  + 01    

	
1.79   ×   10  − 05    

	
1.74   ×   10  − 05    

	
3.62   ×   10  − 05    




	
 

	
30

	
6.27   ×   10  + 01    

	
6.17   ×   10  + 01    

	
7.50   ×   10  + 01    

	
5.28   ×   10  + 01    

	
5.19   ×   10  + 01    

	
6.43   ×   10  + 01    

	
7.06   ×   10  − 02    

	
6.87   ×   10  − 02    

	
1.17   ×   10  − 01    




	
    67  Cu

	
5

	
1.57   ×   10  − 04    

	
1.45   ×   10  − 04    

	
1.37   ×   10  − 04    

	
4.29   ×   10  − 08    

	
4.42   ×   10  − 08    

	
3.55   ×   10  − 08    

	
5.86   ×   10  − 27    

	
6.15   ×   10  − 27    

	
4.12   ×   10  − 27    




	
 

	
10

	
7.67   ×   10  − 04    

	
7.52   ×   10  − 04    

	
7.11   ×   10  − 04    

	
3.31   ×   10  − 05    

	
3.21   ×   10  − 05    

	
2.70   ×   10  − 05    

	
1.14   ×   10  − 14    

	
1.22   ×   10  − 14    

	
7.87   ×   10  − 15    




	
 

	
15

	
3.70   ×   10  − 03    

	
3.48   ×   10  − 03    

	
2.90   ×   10  − 03    

	
7.74   ×   10  − 03    

	
7.28   ×   10  − 04    

	
5.48   ×   10  − 04    

	
3.10   ×   10  − 10    

	
3.40   ×   10  − 10    

	
2.00   ×   10  − 10    




	
 

	
30

	
3.01   ×   10  − 02    

	
4.05   ×   10  − 02    

	
1.77   ×   10  − 02    

	
2.24   ×   10  − 02    

	
3.03   ×   10  − 02    

	
1.29   ×   10  − 02    

	
1.45   ×   10  − 05    

	
2.15   ×   10  − 05    

	
7.91   ×   10  − 06    




	
    67  Ni

	
5

	
5.13   ×   10  − 02    

	
8.81   ×   10  − 02    

	
6.85   ×   10  − 02    

	
2.44   ×   10  − 04    

	
3.66   ×   10  − 04    

	
2.96   ×   10  − 04    

	
1.76   ×   10  − 22    

	
2.65   ×   10  − 22    

	
1.46   ×   10  − 22    




	
 

	
10

	
1.91   ×   10  − 01    

	
2.64   ×   10  − 01    

	
2.18    ×   10  − 01    

	
3.59   ×   10  − 02    

	
5.75   ×   10  − 02    

	
4.55   ×   10  − 02    

	
2.31   ×   10  − 11    

	
5.24   ×   10  − 11    

	
3.30   ×   10  − 11    




	
 

	
15

	
1.20   ×   10  + 00    

	
1.96   ×   10  + 00    

	
1.45   ×   10  + 00    

	
4.69   ×   10  − 01    

	
8.97   ×   10  − 01    

	
6.24   ×   10  − 01    

	
2.99   ×   10  − 07    

	
8.05   ×   10  − 07    

	
4.62   ×   10  − 07    




	
 

	
30

	
7.50   ×   10  + 00    

	
1.88   ×   10  + 01    

	
1.03   ×   10  + 01    

	
6.03   ×   10  + 00    

	
1.56   ×   10  + 01    

	
8.36   ×   10  + 00    

	
5.42   ×   10  − 03    

	
1.75   ×   10  − 02    

	
8.22   ×   10  − 03    




	
    68  Cu

	
5

	
9.38   ×   10  − 03    

	
1.96   ×   10  − 02    

	
1.65   ×   10  − 02    

	
5.11   ×   10  − 06    

	
1.75   ×   10  − 05    

	
1.45   ×   10  − 05    

	
5.53   ×   10  − 25    

	
1.91   ×   10  − 25    

	
1.53   ×   10  − 25    




	
 

	
10

	
2.00   ×   10  − 02    

	
4.13   ×   10  − 02    

	
3.57   ×   10  − 02    

	
8.57   ×   10  − 04    

	
1.95   ×   10  − 03    

	
1.60   ×   10  − 03    

	
2.43   ×   10  − 13    

	
5.38   ×   10  − 13    

	
4.21   ×   10  − 13    




	
 

	
15

	
4.05   ×   10  − 02    

	
7.89   ×   10  − 02    

	
6.97   ×   10  − 02    

	
8.24   ×   10  − 03    

	
1.61   ×   10  − 02    

	
1.36   ×   10  − 02    

	
3.13   ×   10  − 09    

	
5.93   ×   10  − 09    

	
4.76   ×   10  − 09    




	
 

	
30

	
1.66   ×   10  − 01    

	
2.79   ×   10  − 01    

	
2.55   ×   10  − 01    

	
1.23   ×   10  − 01    

	
2.06   ×   10  − 01    

	
1.88   ×   10  − 01    

	
8.00   ×   10  − 05    

	
1.31   ×   10  − 04    

	
1.15   ×   10  − 04    




	
    69  Cu

	
5

	
4.63   ×   10  − 02    

	
4.39   ×   10  − 02    

	
4.45   ×   10  − 02    

	
8.30   ×   10  − 05    

	
6.82   ×   10  − 05    

	
7.31   ×   10  − 05    

	
1.03   ×   10  − 23    

	
8.85   ×   10  − 24    

	
9.04   ×   10  − 24    




	
 

	
10

	
8.69   ×   10  − 02    

	
7.89   ×   10  − 02    

	
8.07   ×   10  − 02    

	
5.12   ×   10  − 03    

	
4.46   ×   10  − 03    

	
4.61   ×   10  − 03    

	
1.55   ×   10  − 12    

	
1.49   ×   10  − 12    

	
1.37   ×   10  − 12    




	
 

	
15

	
1.94   ×   10  − 01    

	
1.69   ×   10  − 01    

	
1.76   ×   10  − 01    

	
4.30   ×   10  − 02    

	
3.73   ×   10  − 02    

	
3.85   ×   10  − 02    

	
1.68   ×   10  − 08    

	
1.72   ×   10  − 08    

	
1.48   ×   10  − 08    




	
 

	
30

	
6.44   ×   10  − 01    

	
7.29   ×   10  − 01    

	
5.71   ×   10  − 01    

	
4.82   ×   10  − 01    

	
5.52   ×   10  − 01    

	
4.27   ×   10  − 01    

	
3.20   ×   10  − 04    

	
4.26   ×   10  − 04    

	
2.81   ×   10  − 04    




	
    70  Cu

	
5

	
2.51   ×   10  − 01    

	
2.94   ×   10  − 01    

	
3.18   ×   10  − 01    

	
2.13   ×   10  − 03    

	
2.99   ×   10  − 03    

	
3.74   ×   10  − 03    

	
2.81   ×   10  − 22    

	
4.30   ×   10  − 22    

	
5.04   ×   10  − 22    




	
 

	
10

	
3.91   ×   10  − 01    

	
4.47   ×   10  − 01    

	
5.19   ×   10  − 01    

	
3.85   ×   10  − 02    

	
4.67   ×   10  − 02    

	
5.65   ×   10  − 02    

	
1.29   ×   10  − 11    

	
1.67   ×   10  − 11    

	
1.89   ×   10  − 11    




	
 

	
15

	
6.73   ×   10  − 01    

	
7.48   ×   10  − 01    

	
9.02   ×   10  − 01    

	
1.86   ×   10  − 01    

	
2.13   ×   10  − 01    

	
2.59   ×   10  − 01    

	
8.26   ×   10  − 08    

	
9.93   ×   10  − 08    

	
1.15   ×   10  − 07    




	
 

	
30

	
2.29   ×   10  + 00    

	
2.43   ×   10  + 00    

	
2.97   ×   10  + 00    

	
1.75   ×   10  + 00    

	
1.87   ×   10  + 00    

	
2.29   ×   10  + 00    

	
1.28   ×   10  − 03    

	
1.41   ×   10  − 03    

	
1.68   ×   10  − 03    











 





Table 6. Comparison of calculated stellar  β -decay rates for     71  Cu, 73,75–78Ga,     73  Zn, and 77–80Ge as functions of pairing gap values. The stellar core temperatures are given in units of   G K   and densities are given in units of gcm−3.
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Nuclei

	
T

	
  ρ   =    10 7   

	
  ρ   =    10 9   

	
  ρ   =    10 11   




	

	

	
TF

	
3TF

	
5TF

	
TF

	
3TF

	
5TF

	
TF

	
3TF

	
5TF






	
    71  Cu

	
5

	
3.85   ×   10  − 01    

	
3.45   ×   10  − 01    

	
3.52   ×   10  − 01    

	
6.95   ×   10  − 01    

	
5.51   ×   10  − 03    

	
5.69   ×   10  − 03    

	
1.18   ×   10  − 21    

	
1.05   ×   10  − 21    

	
1.08   ×   10  − 21    




	
 

	
10

	
6.17   ×   10  − 01    

	
5.50   ×   10  − 01    

	
5.77   ×   10  − 01    

	
7.78   ×   10  − 02    

	
6.62   ×   10  − 02    

	
7.00   ×   10  − 02    

	
3.00   ×   10  − 11    

	
2.90   ×   10  − 11    

	
2.83   ×   10  − 11    




	
 

	
15

	
1.30   ×   10  + 00    

	
1.12   ×   10  + 00    

	
1.17   ×   10  + 00    

	
4.00   ×   10  − 01    

	
3.41   ×   10  − 01    

	
3.55   ×   10  − 01    

	
1.95   ×   10  − 07    

	
1.96   ×   10  − 07    

	
1.77   ×   10  − 07    




	
 

	
30

	
4.19   ×   10  + 00    

	
4.29   ×   10  + 00    

	
3.53   ×   10  + 00    

	
3.27   ×   10  + 00    

	
3.36   ×   10  + 00    

	
2.74   ×   10  + 00    

	
2.54   ×   10  − 03    

	
2.99   ×   10  − 03    

	
2.13   ×   10  − 03    




	
    73  Ga

	
5

	
3.56   ×   10  − 03    

	
3.67   ×   10  − 03    

	
3.69   ×   10  − 03    

	
7.96   ×   10  − 06    

	
7.48   ×   10  − 06    

	
7.26   ×   10  − 06    

	
1.05   ×   10  − 24    

	
1.04   ×   10  − 24    

	
9.55   ×   10  − 25    




	
 

	
10

	
2.74   ×   10  − 03    

	
2.56   ×   10  − 03    

	
2.72   ×   10  − 03    

	
2.01   ×   10  − 03    

	
1.82   ×   10  − 03    

	
1.87   ×   10  − 03    

	
6.37   ×   10  − 13    

	
6.53   ×   10  − 13    

	
5.92   ×   10  − 13    




	
 

	
15

	
1.18   ×   10  − 01    

	
1.13   ×   10  − 01    

	
1.11   ×   10  − 01    

	
2.91   ×   10  − 03    

	
2.88   ×   10  − 03    

	
2.65   ×   10  − 03    

	
1.17   ×   10  − 08    

	
1.37   ×   10  − 08    

	
1.06   ×   10  − 08    




	
 

	
30

	
6.97   ×   10  − 01    

	
1.05   ×   10  + 00    

	
6.18   ×   10  − 01    

	
5.27   ×   10  − 01    

	
8.11   ×   10  − 01    

	
4.65   ×   10  − 01    

	
3.56   ×   10  − 04    

	
6.32   ×   10  − 04    

	
3.11   ×   10  − 04    




	
    73  Zn

	
5

	
1.57   ×   10  − 02    

	
1.50   ×   10  − 02    

	
1.49   ×   10  − 02    

	
2.25   ×   10  − 04    

	
1.80   ×   10  − 04    

	
2.29   ×   10  − 04    

	
7.48   ×   10  − 23    

	
5.31   ×   10  − 23    

	
6.87   ×   10  − 23    




	
 

	
10

	
1.30   ×   10  − 01    

	
9.46   ×   10  − 02    

	
1.11   ×   10  − 01    

	
2.75   ×   10  − 02    

	
1.79   ×   10  − 02    

	
2.13   ×   10  − 02    

	
1.56   ×   10  − 11    

	
9.53   ×   10  − 12    

	
1.11   ×   10  − 11    




	
 

	
15

	
9.66   ×   10  − 01    

	
7.14   ×   10  − 01    

	
7.85   ×   10  − 01    

	
3.94   ×   10  − 01    

	
2.82   ×   10  − 01    

	
3.05   ×   10  − 01    

	
2.53   ×   10  − 07    

	
1.81   ×   10  − 07    

	
1.84   ×   10  − 07    




	
 

	
30

	
7.64   ×   10  + 00    

	
7.98   ×   10  + 00    

	
6.22   ×   10  + 00    

	
6.18   ×   10  + 00    

	
6.46   ×   10  + 00    

	
5.00   ×   10  + 00    

	
5.70   ×   10  − 03    

	
6.18   ×   10  − 03    

	
4.47   ×   10  − 03    




	
    75  Ga

	
5

	
3.81   ×   10  − 02    

	
3.80   ×   10  − 02    

	
3.78   ×   10  − 02    

	
4.99   ×   10  − 04    

	
4.63   ×   10  − 04    

	
4.63   ×   10  − 04    

	
8.71   ×   10  − 22    

	
7.87   ×   10  − 22    

	
8.71   ×   10  − 22    




	
 

	
10

	
1.71   ×   10  − 01    

	
1.81   ×   10  − 01    

	
2.17   ×   10  − 01    

	
2.31   ×   10  − 02    

	
2.30   ×   10  − 02    

	
3.01   ×   10  − 02    

	
9.12   ×   10  − 12    

	
9.33   ×   10  − 12    

	
1.51   ×   10  − 11    




	
 

	
15

	
6.59   ×   10  − 01    

	
6.68   ×   10  − 01    

	
9.06   ×   10  − 01    

	
2.15   ×   10  − 01    

	
2.13   ×   10  − 01    

	
3.09   ×   10  − 01    

	
1.07   ×   10  − 07    

	
1.14   ×   10  − 07    

	
1.94   ×   10  − 07    




	
 

	
30

	
3.78   ×   10  + 00    

	
4.34   ×   10  + 00    

	
4.91   ×   10  + 00    

	
2.96   ×   10  + 00    

	
3.41   ×   10  + 00    

	
3.90   ×   10  + 00    

	
2.34   ×   10  − 03    

	
2.89   ×   10  − 03    

	
3.52   ×   10  − 03    




	
    76  Ga

	
5

	
1.39   ×   10  − 01    

	
2.08   ×   10  − 01    

	
2.12   ×   10  − 01    

	
3.83   ×   10  − 03    

	
1.07   ×   10  − 02    

	
1.26   ×   10  − 02    

	
9.02   ×   10  − 22    

	
3.98   ×   10  − 21    

	
5.32   ×   10  − 21    




	
 

	
10

	
4.29   ×   10  − 01    

	
8.11   ×   10  − 01    

	
8.09   ×   10  − 01    

	
7.48   ×   10  − 02    

	
1.86   ×   10  − 01    

	
1.93   ×   10  − 01    

	
3.71   ×   10  − 11    

	
1.14   ×   10  − 10    

	
1.25   ×   10  − 10    




	
 

	
15

	
1.24   ×   10  + 00    

	
2.78   ×   10  + 00    

	
2.78   ×   10  + 00    

	
4.55   ×   10  − 01    

	
1.16   ×   10  + 00    

	
1.18   ×   10  + 00    

	
2.70   ×   10  − 07    

	
8.13   ×   10  − 07    

	
8.45   ×   10  − 07    




	
 

	
30

	
6.31   ×   10  + 00    

	
1.47   ×   10  + 01    

	
1.48   ×   10  + 01    

	
5.02   ×   10  + 00    

	
1.19   ×   10  + 01    

	
1.20   ×   10  + 01    

	
4.35   ×   10  − 03    

	
1.15   ×   10  − 02    

	
1.16   ×   10  − 02    




	
    77  Ga

	
5

	
1.43   ×   10  − 01    

	
1.54   ×   10  − 01    

	
1.51   ×   10  − 01    

	
9.23   ×   10  − 01    

	
8.81   ×   10  − 01    

	
8.57   ×   10  − 03    

	
5.27   ×   10  − 21    

	
4.29   ×   10  − 21    

	
4.11   ×   10  − 21    




	
 

	
10

	
5.57   ×   10  − 01    

	
5.85   ×   10  − 01    

	
6.58   ×   10  − 01    

	
1.31   ×   10  − 01    

	
1.25   ×   10  − 01    

	
1.42   ×   10  − 01    

	
9.38   ×   10  − 11    

	
8.41   ×   10  − 11    

	
8.63   ×   10  − 11    




	
 

	
15

	
2.17   ×   10  + 00    

	
1.92   ×   10  + 00    

	
2.28   ×   10  + 00    

	
9.12   ×   10  − 01    

	
7.64   ×   10  − 01    

	
9.02   ×   10  − 01    

	
6.65   ×   10  − 07    

	
5.69   ×   10  − 07    

	
5.87   ×   10  − 07    




	
 

	
30

	
1.28   ×   10  + 01    

	
1.06   ×   10  + 01    

	
1.08   ×   10  + 01    

	
1.04   ×   10  + 01    

	
8.55   ×   10  + 00    

	
8.71   ×   10  + 00    

	
1.00   ×   10  − 02    

	
8.53   ×   10  − 03    

	
7.91   ×   10  − 03    




	
    77  Ge

	
5

	
4.49   ×   10  − 03    

	
3.40   ×   10  − 03    

	
4.66   ×   10  − 03    

	
2.27   ×   10  − 03    

	
1.67   ×   10  − 03    

	
2.32   ×   10  − 03    

	
5.89   ×   10  − 24    

	
3.48   ×   10  − 24    

	
4.98   ×   10  − 24    




	
 

	
10

	
7.38   ×   10  − 02    

	
4.65   ×   10  − 02    

	
6.85   ×   10  − 02    

	
1.17   ×   10  − 02    

	
6.70   ×   10  − 03    

	
1.00   ×   10  − 02    

	
5.33   ×   10  − 12    

	
2.99   ×   10  − 12    

	
4.32   ×   10  − 12    




	
 

	
15

	
6.10   ×   10  − 01    

	
3.94   ×   10  − 01    

	
5.42   ×   10  − 01    

	
2.14   ×   10  − 01    

	
1.36   ×   10  − 01    

	
1.84   ×   10  − 01    

	
1.16   ×   10  − 07    

	
7.55   ×   10  − 08    

	
9.55   ×   10  − 08    




	
 

	
30

	
4.86    ×   10  + 00    

	
4.31   ×   10  + 00    

	
4.21   ×   10  + 00    

	
3.85   ×   10  + 00    

	
3.41   ×   10  + 00    

	
3.32   ×   10  + 00    

	
3.19   ×   10  − 03    

	
2.93   ×   10  − 03    

	
2.69   ×   10  − 03    




	
    78  Ga

	
5

	
2.36   ×   10  − 01    

	
3.85   ×   10  − 01    

	
3.85   ×   10  − 01    

	
1.75   ×   10  − 02    

	
4.73   ×   10  − 02    

	
4.55   ×   10  − 02    

	
9.86   ×   10  − 21    

	
8.45   ×   10  − 20    

	
7.52   ×   10  − 20    




	
 

	
10

	
8.39   ×   10  − 01    

	
1.66   ×   10  + 00    

	
1.55   ×   10  + 00    

	
2.06   ×   10  − 01    

	
5.52   ×   10  − 01    

	
5.08   ×   10  − 01    

	
1.49   ×   10  − 10    

	
6.40   ×   10  − 10    

	
5.68   ×   10  − 10    




	
 

	
15

	
2.40   ×   10  + 00    

	
6.03   ×   10  + 00    

	
5.47   ×   10  + 00    

	
1.03   ×   10  + 00    

	
3.02   ×   10  + 00    

	
2.72   ×   10  + 00    

	
7.74   ×   10  − 07    

	
3.11   ×   10  − 06    

	
2.74   ×   10  − 06    




	
 

	
30

	
1.14   ×   10  + 01    

	
3.23   ×   10  + 01    

	
2.85   ×   10  + 01    

	
9.25   ×   10  + 00    

	
2.69   ×   10  + 01    

	
2.37   ×   10  + 01    

	
9.02   ×   10  − 03    

	
3.10   ×   10  − 02    

	
2.71   ×   10  − 02    




	
    78  Ge

	
5

	
1.86   ×   10  − 04    

	
1.43   ×   10  − 04    

	
1.53   ×   10  − 04    

	
3.88   ×   10  − 06    

	
4.21   ×   10  − 06    

	
4.07   ×   10  − 06    

	
1.03   ×   10  − 24    

	
1.74   ×   10  − 24    

	
1.18   ×   10  − 24    




	
 

	
10

	
3.83   ×   10  − 02    

	
5.28   ×   10  − 02    

	
4.11   ×   10  − 02    

	
7.14   ×   10  − 03    

	
1.08   ×   10  − 02    

	
8.15   ×   10  − 03    

	
3.61   ×   10  − 12    

	
1.17   ×   10  − 11    

	
4.23   ×   10  − 12    




	
 

	
15

	
2.10   ×   10  − 01    

	
5.33   ×   10  − 01    

	
2.39   ×   10  − 01    

	
8.05   ×   10  − 02    

	
2.22   ×   10  − 01    

	
9.35   ×   10  − 02    

	
4.90   ×   10  − 08    

	
3.29   ×   10  − 07    

	
5.78   ×   10  − 08    




	
 

	
30

	
6.34   ×   10  − 01    

	
5.53   ×   10  + 00    

	
7.08   ×   10  − 01    

	
5.09   ×   10  − 01    

	
4.65   ×   10  + 00    

	
5.70   ×   10  − 01    

	
4.59   ×   10  − 04    

	
8.89   ×   10  − 03    

	
5.19   ×   10  − 04    




	
    79  Ge

	
5

	
9.20   ×   10  − 03    

	
8.18   ×   10  − 03    

	
8.11   ×   10  − 03    

	
3.34   ×   10  − 02    

	
2.42   ×   10  − 04    

	
2.55   ×   10  − 03    

	
1.31   ×   10  − 22    

	
9.66   ×   10  − 23    

	
1.09   ×   10  − 22    




	
 

	
10

	
1.53   ×   10  − 01    

	
1.35   ×   10  − 01    

	
1.47   ×   10  − 01    

	
4.69   ×   10  − 01    

	
2.83   ×   10  − 02    

	
3.12   ×   10  − 02    

	
2.08   ×   10  − 11    

	
1.75   ×   10  − 11    

	
1.90   ×   10  − 11    




	
 

	
15

	
1.16   ×   10  + 00    

	
9.75   ×   10  − 01    

	
1.09   ×   10  + 00    

	
2.00   ×   10  + 00    

	
3.94   ×   10  − 01    

	
4.37   ×   10  − 01    

	
3.14   ×   10  − 07    

	
2.74   ×   10  − 07    

	
2.88   ×   10  − 07    




	
 

	
30

	
9.57   ×   10  + 00    

	
9.42   ×   10  + 00    

	
8.79   ×   10  + 00    

	
7.73   ×   10  + 00    

	
7.64   ×   10  + 00    

	
7.08   ×   10  + 00    

	
7.23   ×   10  − 03    

	
7.41   ×   10  − 03    

	
6.55   ×   10  − 03    




	
    80  Ge

	
5

	
5.92   ×   10  − 04    

	
4.46   ×   10  − 04    

	
5.20   ×   10  − 04    

	
2.58   ×   10  − 05    

	
2.29   ×   10  − 05    

	
2.58   ×   10  − 05    

	
3.54   ×   10  − 23    

	
5.74   ×   10  − 23    

	
4.14   ×   10  − 23    




	
 

	
10

	
9.14   ×   10  − 02    

	
1.19   ×   10  − 01    

	
1.03   ×   10  − 01    

	
2.58   ×   10  − 02    

	
3.60   ×   10  − 02    

	
3.01   ×   10  − 02    

	
2.28   ×   10  − 11    

	
4.32   ×   10  − 11    

	
2.82   ×   10  − 11    




	
 

	
15

	
4.52   ×   10  − 01    

	
1.16   ×   10  + 00    

	
5.68   ×   10  − 01    

	
2.10   ×   10  − 01    

	
5.61   ×   10  − 01    

	
2.68   ×   10  − 01    

	
1.79   ×   10  − 07    

	
6.01   ×   10  − 07    

	
2.38   ×   10  − 07    




	
 

	
30

	
1.26   ×   10  + 00    

	
8.65   ×   10  + 00    

	
1.59   ×   10  + 00    

	
1.04   ×   10  + 00    

	
7.21   ×   10  + 00    

	
1.31   ×   10  + 00    

	
1.11   ×   10  − 03    

	
8.83   ×   10  − 03    

	
1.42   ×   10  − 03    











 





Table 7. Comparison of calculated stellar  β -decay rates for     81  Ge,      82 , 83   As,     83  Se, and     85  Br as functions of pairing gap values. The stellar core temperatures are given in units of   G K   and densities are given in units of gcm−3.
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Nuclei

	
T

	
  ρ   =    10 7   

	
  ρ   =    10 9   

	
  ρ   =    10 11   




	

	

	
TF

	
3TF

	
5TF

	
TF

	
3TF

	
5TF

	
TF

	
3TF

	
5TF






	
    81  Ge

	
5

	
2.90   ×   10  − 02    

	
2.94   ×   10  − 02    

	
3.04   ×   10  − 02    

	
2.62   ×   10  − 03    

	
2.67   ×   10  − 03    

	
2.86   ×   10  − 03    

	
1.77   ×   10  − 20    

	
1.45   ×   10  − 20    

	
1.52   ×   10  − 20    




	
 

	
10

	
4.17   ×   10  − 01    

	
4.12   ×   10  − 01    

	
4.12   ×   10  − 01    

	
1.50   ×   10  − 01    

	
1.43   ×   10  − 01    

	
1.43   ×   10  − 01    

	
2.42   ×   10  − 10    

	
2.16   ×   10  − 10    

	
2.05   ×   10  − 10    




	
 

	
15

	
3.05   ×   10  + 00    

	
3.06   ×   10  + 00    

	
2.84   ×   10  + 00    

	
1.58   ×   10  + 00    

	
1.57   ×   10  + 00    

	
1.45   ×   10  + 00    

	
1.85   ×   10  − 06    

	
1.84   ×   10  − 06    

	
1.59   ×   10  − 06    




	
 

	
30

	
2.64   ×   10  + 01    

	
3.05   ×   10  + 01    

	
2.37   ×   10  + 01    

	
2.21   ×   10  + 01    

	
2.56   ×   10  + 01    

	
1.98   ×   10  + 01    

	
2.68   ×   10  − 02    

	
3.15   ×   10  − 02    

	
2.33   ×   10  − 02    




	
    82  As

	
5

	
3.46   ×   10  − 02    

	
4.58   ×   10  − 02    

	
4.20   ×   10  − 02    

	
1.16   ×   10  − 03    

	
1.63   ×   10  − 03    

	
1.61   ×   10  − 03    

	
1.08   ×   10  − 21    

	
2.13   ×   10  − 21    

	
2.16   ×   10  − 21    




	
 

	
10

	
2.97   ×   10  − 01    

	
3.93   ×   10  − 01    

	
3.79   ×   10  − 01    

	
7.16   ×   10  − 02    

	
1.06   ×   10  − 01    

	
1.04   ×   10  − 01    

	
5.31   ×   10  − 11    

	
8.87   ×   10  − 11    

	
8.77   ×   10  − 11    




	
 

	
15

	
1.50   ×   10  + 00    

	
2.11   ×   10  + 00    

	
2.06   ×   10  + 00    

	
6.35   ×   10  − 01    

	
9.46   ×   10  − 01    

	
9.29   ×   10  − 01    

	
4.62   ×   10  − 07    

	
7.55   ×   10  − 07    

	
7.45   ×   10  − 07    




	
 

	
30

	
1.02   ×   10  + 01    

	
1.42   ×   10  + 01    

	
1.41   ×   10  + 01    

	
8.24   ×   10  + 00    

	
1.16   ×   10  + 01    

	
1.16   ×   10  + 01    

	
7.83   ×   10  − 03    

	
1.16   ×   10  − 02    

	
1.16   ×   10  − 02    




	
    83  As

	
5

	
3.23   ×   10  − 02    

	
2.67   ×   10  − 02    

	
3.24   ×   10  − 02    

	
1.02   ×   10  − 03    

	
8.87   ×   10  − 04    

	
1.12   ×   10  − 03    

	
1.18   ×   10  − 20    

	
8.89   ×   10  − 21    

	
1.27   ×   10  − 20    




	
 

	
10

	
3.05   ×   10  − 01    

	
2.28   ×   10  − 01    

	
2.88   ×   10  − 01    

	
9.51   ×   10  − 02    

	
6.85   ×   10  − 02    

	
8.61   ×   10  − 02    

	
1.44   ×   10  − 10    

	
1.20   ×   10  − 10    

	
1.29   ×   10  − 10    




	
 

	
15

	
2.63   ×   10  + 00    

	
2.09   ×   10  + 00    

	
2.40   ×   10  + 00    

	
1.29   ×   10  + 00    

	
1.02   ×   10  + 00    

	
1.14   ×   10  + 00    

	
1.30   ×   10  − 06    

	
1.20   ×   10  − 06    

	
1.10   ×   10  − 06    




	
 

	
30

	
2.56   ×   10  + 01    

	
2.70   ×   10  + 01    

	
2.30   ×   10  + 01    

	
2.13   ×   10  + 01    

	
2.24   ×   10  + 01    

	
1.90   ×   10  + 01    

	
2.35   ×   10  − 02    

	
2.67   ×   10  − 02    

	
2.03   ×   10  − 02    




	
    83  Se

	
5

	
3.29   ×   10  − 03    

	
4.33   ×   10  − 03    

	
4.84   ×   10  − 03    

	
1.31   ×   10  − 04    

	
2.06   ×   10  − 02    

	
1.53   ×   10  − 04    

	
5.81   ×   10  − 23    

	
5.31   ×   10  − 23    

	
5.35   ×   10  − 23    




	
 

	
10

	
1.09   ×   10  − 01    

	
9.91   ×   10  − 01    

	
1.17   ×   10  − 01    

	
2.48   ×   10  − 02    

	
2.88   ×   10  − 01    

	
2.40   ×   10  − 01    

	
1.43   ×   10  − 11    

	
1.11   ×   10  − 11    

	
1.23   ×   10  − 11    




	
 

	
15

	
9.44   ×   10  − 01    

	
7.46   ×   10  − 01    

	
8.59   ×   10  − 01    

	
3.80   ×   10  − 01    

	
1.30   ×   10  + 00    

	
3.27   ×   10  − 01    

	
2.42   ×   10  − 07    

	
1.77   ×   10  − 07    

	
1.92   ×   10  − 07    




	
 

	
30

	
8.83   ×   10  + 00    

	
7.05   ×   10  + 00    

	
7.00   ×   10  + 00    

	
7.10   ×   10  + 00    

	
5.64   ×   10  + 00    

	
5.58   ×   10  + 00    

	
6.41   ×   10  − 03    

	
5.02   ×   10  − 03    

	
4.80   ×   10  − 03    




	
    85  Br

	
5

	
1.03   ×   10  − 03    

	
8.55   ×   10  − 04    

	
1.19   ×   10  − 03    

	
1.50   ×   10  − 05    

	
1.08   ×   10  − 05    

	
1.62   ×   10  − 05    

	
1.64   ×   10  − 23    

	
1.12   ×   10  − 23    

	
1.52   ×   10  − 23    




	
 

	
10

	
6.18   ×   10  − 02    

	
3.68   ×   10  − 02    

	
5.69   ×   10  − 02    

	
1.01    ×   10  − 02    

	
5.73   ×   10  − 03    

	
8.79   ×   10  − 03    

	
5.64   ×   10  − 12    

	
3.91   ×   10  − 12    

	
4.80   ×   10  − 12    




	
 

	
15

	
6.73   ×   10  − 01    

	
4.41   ×   10  − 01    

	
6.05   ×   10  − 01    

	
2.34   ×   10  − 01    

	
1.53   ×   10  − 01    

	
2.06   ×   10  − 01    

	
1.26   ×   10  − 07    

	
9.77   ×   10  − 08    

	
1.08   ×   10  − 07    




	
 

	
30

	
6.21   ×   10  + 00    

	
5.78   ×   10  + 00    

	
5.66   ×   10  + 00    

	
4.89   ×   10  + 00    

	
4.57   ×   10  + 00    

	
4.44   ×   10  + 00    

	
3.92   ×   10  − 03    

	
4.02   ×   10  − 03    

	
3.50   ×   10  − 03    











 





Table 8. Average  β -decay rates calculated using different pairing gap values for limiting physical conditions stated in the heading. The stellar core temperatures are given in units of   G K   and densities are given in units of gcm−3.
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	Pairing Gap
	T = 5,    ρ  Y e     =    10 5   
	T = 30,    ρ  Y e     = 1011
	T = 30,    ρ  Y e     =    10 5   





	TF
	2.12   ×   10−01
	4.87   ×   10−03
	5.52



	3TF
	3.15   ×   10−01
	1.13   ×   10−02
	9.80



	5TF
	2.26   ×   10−01
	6.11   ×   10−03
	6.18
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