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Abstract: B-decay is one of the key factors for understanding the r-process and evolution of massive
stars. The Gamow-Teller (GT) transitions drive the B-decay process. We employ the proton-neutron
quasiparticle random phase approximation (pn-QRPA) model to calculate terrestrial and stellar
B-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 B-decay. The
current study investigates the effect of nucleon—nucleon pairing gaps on charge-changing transitions
and the associated B 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 B-decay rates in stellar matter.

Keywords: Gamow-Teller strength; pairing gaps; half-lives; deformed pn-QRPA; B-decay rates;
partial half lives

1. Introduction

The nuclear reactions mediated by weak interactions play a crucial role in the presu-
pernova evolution of massive stars [1]. The 8 decay, electron, and positron capture are the
fundamental weak interaction processes that occur during the presupernova phases. The -
decay and electron capture are transformations that produce (anti)neutrinos. A change
of lepton-to-baryon fraction (Y;) 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, 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
B decays [5]. Few recent papers highlighting the impact of -decays on late stellar evolution
include Refs. [6-10].
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Determination of B-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 [13-15]. 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., [16-21]).

The -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., [24-26]), 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 B-decay rates under terrestrial and stellar conditions. The
B-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 sd- [27] and fp-shell nuclei [28,29]. Recently, a list was
published detailing the top 50 nuclei capable of electron capturing and  decaying, which
have the largest effect on Y, 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, following silicon core
burning, by averaging the contribution from each nucleus to Y, (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 3~ as the
dominant decay mode [31]), and study the effect of pairing gaps on the S-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 (np) pairing correlations, which is not considered in
the present manuscript. The current pn-QRPA model is limited as it ignores the neutron—
proton np pairing effect and the incorporation of np 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 S-decay rates. To
compensate, the same effect of shifting the calculated B 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
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extensive study, the question of which relation most closely approximates the pairing
interaction remains open for debate [34-37]. 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:

HPn—QRPA _ pysp {4 ypairing 4 Vg’; + Vé’é{[ 1)
where HSP, Vpairing, Vg%, and Vg? denote the single-particle Hamiltonian, pairing forces
for the BCS calculation, and particle-hole (ph) and particle—particle (pp) 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 5~ decay was calculated using the following:

Q = [m(zP) —m(z,,D)]c, 2)

where P is the parent nucleus, D is the daughter nucleus, and m is the nuclear mass.
The nuclear deformation parameter (5,) was determined using the following formula:

125(Q2)

P2 = Taiaizy

©)
where Q, is the electric quadrupole moment taken from [39]. The NPPs were chosen
from [40]. The Nilsson oscillator constant was taken as iw = 41/ A11/3 in units of MeV,
similar for neutrons and protons. Q-values were determined using the recent mass compi-
lation [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:

Aun = Dpp = 12/VA. @)

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:

Amn = = (—=1)A"2H128, (A +1,Z) —4S,(A, Z) +25,(A—1,2)] (5)

| =

App = %(fl)”z[zsp(A +1,Z41) —45,(A,Z) +25,(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;:

App = %[ZB(Z,N—z) —8B(Z,N—1)+12B(Z,N) — 8B(Z,N+1) + 2B(Z,N +2)] (7)

Npp = %6[23(2 —2,N) —8B(Z—1,N) +12B(Z,N) —8B(Z +1,N) + 2B(Z +2,N)]. (8)
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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}m and cj;;), with angular momentum

j, and m as its z-component, was transformed into a deformed basis (d%,,, ) using the
following transformation:
+ +

dWltx = Z]'D;-mejm, (9)
where ¢' 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 &
represents the additional quantum numbers. Later, we used the Bogoliubov transformation
to introduce the quasiparticle basis (al,,, ma)

”:m = u'ﬂllxd;ﬂx — Umadina (10)

Llj;m - umad%“ + vmadma (m > 0), (11)

where 171 represents the time-reversed state of m. The occupation amplitudes satisfied
the condition v2,, + 12, = 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, I'w |QRPA >= 0, with the phonon creation operator defined by

the following:
fo(m) = Y X5 (wakai — YT (w)aviz, (12)
7T,V

where v and 7, respectively, denote the single quasiparticle states of neutrons and protons.
The sum runs over all possible 7rv-pairs, satisfying u = m; — m, = (0, £1). The forward-
going (X,,) and backward-going (Y,,) amplitudes are eigenvectors, whereas, energy (w)
denotes the eigenvalues of the well-known (Q)RPA equation:

|5 Sy )=l ) @

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

Mm/,ﬂ’v’ = 5711/,71/1,/ (E;-[ -+ SV)
+V£f/n,v,(vnvvvﬂ/vvl + Uy Uy
h
+V7rt)v,7r’v’ (v”uﬂ)ﬁ’uv’ + uﬁvvun’vu’)/ (14)
N7TV,7I/1/’ = Vﬁf,n,v,(unuvvn/vv/ + U,-(Z)Vun/uul)
h
_V:()V,TE/V/ (v”uVuTE’UV’ + uﬂvvvn’uu’)r (15)
with
pp i
an,rr’v/ - Vm7,7t’v’ ’ (16)
ph _
Vm/,r(’v’ = —Vav v (17)

The quasiparticle energies (¢, ¢,) were obtained from the BCS calculations. We used
separable GT residual forces, namely, particle-hole (ph) and particle-particle (pp) forces in
our calculation. We took the pp GT force as follows:

VL = —2c Y (-1)'PIP, (18)
4
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where ,
; = 2 <jvmV|(‘7;47—)+|j71m71>(_1)ZV+]V7mVCA;rnmnCA]JrV—mt,r (19)
jnmnjvmv
and the ph GT force as follows:
h A A
VE =2x Y (-1)FR,RY, (20)
2
where
Ry = Z <]'7rm7r|‘7VTf|]'vm1J>CA]J';mn5jvmw (1)

jnmnjt/mv

where x and x are the pp and ph 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 (] = 0") of an even-even
nucleus are considered. The ground state of an odd—odd (odd-A) parent nucleus is ex-
pressed 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:

[Teorr) = ak| =)+ LuwalAL(w)=) (—[lal AL ()] Harak|-)
x Ex(v,w), (22)

[veorr) = ay| =)+ e kAL (=) =) (= [ak AL (=) Haaf] )

x Ey(m,w), (23)
with 1
E(bw)=——"— ,b=mv, 24
2(b,w) p—— a T,V (24)
and
Hz = va,ﬁ’v/(”nuvvn’uv’ — 0r0yUpoy,) (akalat a,, +he) +
Z Vm/,n’v_’ (VR 0V Oy — uﬂuvuﬂ’vv’)(a;aiaz’an’ +h.c.), (25)

where h.c. stands for Hermitian conjugate. The terms E, (b, w) 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 ad-
mixed with quasiparticle-phonon-coupled Hamiltonian H3;, which was accomplished by
the Bogoliubov transformation from separable pp and ph GT interaction forces. The sum-
mation applies to all phonon states and neutron (proton) quasiparticle states, satisfying
my — my, = u with 7,7, = 1. The calculation of quasiparticle transition amplitudes for cor-
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related states can be found in [45]. The amplitudes of GT transitions in terms of separable
forces are as follows:

< Tleorr | T-Op|Veorr > = qgv +2X[‘717/rlv Z(ZQZEH(V/W) + ZZEZEV(”/‘U))

w

—qn ZZ;ZZ(ER(%W) + Ey(7r,w))] + 2k[g v Z(Z;Z;_En(u,w) —Z5Z5TEy (1, w))

w

—Grv Y (ZoZE T Ex(v,w) — Z5 7,7 Ey (1, w))], (26)

w

< Teorr | T4 Op|Veorr >= v, +2xlay, Z(Z$2EH(V/W) + Z,2Ey (7T, w))

w

~0ty Y Zio 2 (En (v, @) + Ey (70, 0))) + 2% [Gr Y (Z5 2T En(v,w) = Z4y 24y Ev(70, w))
w

w
—qrv Y (25257 En(v,w) = Z5 25 Eu (i, w))], (27)
w
< Vcorr|Ti(7—y|7Tcorr >= (—1)V < 7'L'c0w|T;0';4|I/Cgrr > . (28)

In Equations (26)—(28), ¢,, and 7+ are spin and iso-spin type operators, respectively,
and other symbols, §v (§v), 9%, (9%), Zo (Z34) and Z5,~ (Z4 ), are defined as follows:

nv = fm/urrvv/ qu = fm/ur(uv/
Grv = fm/vrfuw qu = fm/vnvv
Z, = Z(szqm/ = Y5 Grv),

Z:g = 2 X”qu/ (Lw‘%w),
T,V

2o = Y (X am + Y3 a0,
7T,V

Z5T = Y (XE G + YT ) (29)
v

The terms X7V and Y[V were defined earlier and other symbols have the usual mean-
ings. 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 daugh-
ter nucleus. The two quasiparticle states were constructed with phonon correlations, given
by the following:

|7TVcorr > =a (1+|— >—|— Z at ,a /A+ )|— >

”1 T,

X < —|[a;ia;§AL(—y)]+H31a — > Eqy(m)7h, w) 2 al a /A+ w|— >

1/1 ,vz,w

x < —|latat, A%, (o)) Hayahal| > En(vith,w), (30)

< T | = - >+ Y abal AL (w)|- >

o' v w

X < 7“ n’av’A+ (V)]+H31ajrl“jrz|f > E7T17T2(7T/V/rw)r (31)
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< V1V200rr‘ = aI1a1t2|_ >+ Z a;/aI’AI}(_‘u)'_ >

' v w
x < —|[al.al, AL (=) T Hyaf al, |— > Ey, (v, w), (32)
where
1
(ea+€p) — (ec + €4+ W)
where subscript index a (b) denotes 71, 711 and v4 (v, 7 and 1) and ¢ (d) denotes 77/, 7]

and v{ (v/, 75 and v4). The GT transition amplitudes between these states were reduced to
those of one-quasiparticle states:

Egp(cd,w) =

(33)

< 771772corr|Tin|7TVcorr > = 5(7'51/ 7T) < 7T260rr|7i0'y‘1/corr >

—d(mp, ) < nlcorr|7i(7y|1/corr >, (34)
< Vi Wocorr |[TH0—y|TTVeorr > = 0(v2,v) < Vicorr| Ta0—p|Tcorr >

—d(vy,v) < V2corr|7i0'—y|77corr >, (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):

< 7TVcorr|T:t0'7y|7T17T2corr > = _5(7[/ 7T2) < Vcorr|T:|:0’fy|7flcorr >
+6(m,m) < Vcorr|T:t0'7;4‘7T2corr >, (36)
< 7TVc0rr|Ti(7y‘V1V2corr > = 5(1// V2) < 7Tcorr|Ti(7;4|Vlcorr >
_5(1// Vl) < 7Tcorr|T:|:(7y|V2corr > (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:

1
t o+ t ot oAt
|71 702 73 corr) = anlﬂnzan3|*>+§ Z anian;aV’Aw(V)‘*>
v w
! 7
x (~llat, atat AL ()] Hahatdt | By (T ), (39
1 ™
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1
7T1V1VZCOTV> = a.;flaltlaj/-2|7> + E Z ﬂj_[/ﬂL/ﬂi/AL(*ﬂ)|*>
rrg,n;,v’,w 12
oottt t t ot ot
X <_Han;an;av’Aw<_V” H3lan1av1av2|_>
!/ I 1
X Enpn (Mmv,w)+ < Y. abata’, AL (u)|-)
6 P ViV U3
V) Vp V3,0
o
X <—|[az,a:,a:,AL(y)]’LHglajIlaIlaiz|—>E7T1V1V2(1/11/21/3,w), (39)
1 "2 "3
with the energy denominators of first-order perturbation:
1
Egpe (def,cu) = ( (40)

ea—l—eb—i—ec—ed—eg—ef—w)’

where subscripts represent 711, 71, 713, 7T, v, and v, (71}, 75, V', V4, v}, and v3). These
equations can be used to generate the three-quasiparticle states of odd protons and even
neutrons by swapping the neutron and proton states, v <— 7 and Al (y) +— AL (—p).
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:

! ! i
(T V1o | T2 0 |1 T2 TC3c0re) = 8(71y, 702) 8 (70, 703) (Vi e T | T core)
_5(7[/1' 7-[1)5(7-[/2' 7T3) <V;corr|T:t(T*V|7T2m"">
+5(7T/1' 7-[1)5(7-[/2' 772) <V1corr |Ti0'—!‘ | 7T3C0””>’ (41)
I ! !
<7Tl 7T2vlcorr|TiU#|7T1U1V2601’7’> = 5(1/;/1/2) [5(7-[/1’ 7-[1) <7'C/2COW|T:|:0']4 |Vlcorr>

—(5(7‘[,2, 1) <7T,1corr |03 |vVicorr)]

75(1/;’ 1/1) [5(7-[/1’ 7-[1) <7T/2corr |Ti0]4 |V2corr>

_5(7{2/ 7-[1)<7T,1corr|TiUP‘|VZC"”’>]’ (42)
ror
(V1V9 V3001 | TL0—y |Tvivacorr) = 5(1/;/ 1/1)(5(1/:;, v2) <V;corr |Ti0—ﬂ |T1corr)
! ! !
_5(1/1' V1 )5(1/3' 1/2) <V2corr | T+0—p | 7-[100”’>
+5(V1/ 1/1)5(1/;, UZ) <Vi;corr |Ti0—ﬂ ‘ 7T1m”‘>’ (43)

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

o
(T Vaeor, [T O V102030 = 8(v3,12)8 (v, ¥3) (7T oy | T2 [Vicorr)
! ! !
_5(1/1/ n )5(]/2/ V3) <7rlcorr ’Tiaﬂ |V250”>
+5(V;’ 1/1)5(Ué, v2) <7T/lcorr | T0p |Vacorr), (44)
ot !
<7T1V1V2corr | TL0—y | 4s 7T2V1€0rr> = 5(”1/ 7T2) [5(1/;/ Vl) <V12corr ‘ T+0—y | 7T1c0rr>

- 5(1//2, Vl) <1/;am, | T+0—p | nlcorr”
_5(7T/1’ 7T1) [5(1/;/ Vl) <V/2C(m, |Ti‘77;4 | 7T2corr>

_5(1/;/ Vl) <U;corr|TiU—I‘ ‘ 7T2corr>]r (45)



Universe 2024, 10, 128 9 of 26
i i i
(T T Tagope | T T TR VICOR) = 5(77/2r 771)5(7Tl3r ) <7T/]corr |T£0u|Vicorr)
! ! !
- 5(71'1, 71'1)(5(71'3, 7T2) <7T2corr |Tiaﬂ |Vlcorr>
+5(7‘(/1, 7'(1)5(7'(/2, 7) <7'(/3wrr|'cia,4 [V1corr)- (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). Transi-
tions 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:

I I i !
< T TV Vocory |Ti(77;4 | 701 TR T3 V1 corr >

/

< nlcorr|TiUV|V1corr >
!

< 7T2corr|TiUV|V1corr >
/

< 7T3corr|T:|:(7pl|V1corr >

i
< Tycorr | 0y ‘ Vicorr =/

(v1,12)8(v3,V3) < Taeor | Ta0u[Vicorr >
(v1,v1)8(v2, ¥3) < Tooeor | T20u[Vacorr >
+5(1/;,1/1)(5(v ,1n) < n/zmrrh'iayh/gwﬂ >]
(v1,v2)8(v2,¥3) < 1o | T20u Vicorr >
(v1,11)8(V3, V3) < 7010 | T20u[Vacorr >

/ /
+5(V1/ Vl)é(VZ/ VZ) < nlcorr|TiU;1|V3corr >]/

A ulmvvavacorr >
= —|—(5(1/2, 1/1)(5(1/3,1/2)(5(1/4,1/3) < vlm,,|ri(7,y|7rlcm >
—5(1/1,1/1) ( 1/2)5( v3) < 1/2COW|TiO'_H|7'L'1COW >
+8(vy,11)0(va, 12)8(Vg, V3) < Vacory | TT— | T1corr >

! !
_5(1/1/1/1)5(1/2/ V2)5(V3/ V3) < V4corr|Ti‘T—]l|7Tlcorr >

(47)

(48)

(49)

(50)

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

these amplitudes.
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! ! ! !/ ! ! ! !
Tty > Ty > Ty > Ty, Vg > Vg >V, >V, Ty > T3> 7T > 70, Vg >V3 >V > V.

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 B-decay partial half-lives t; ;, from the parent ground state were calculated using
the following relation:

D
012 = 7 (ZE, A)Br(@) + (3v/84) a(Z E, A)Bor (@)’

where E = (Q — w). The integrals of the available phase space for axial vector and vector
transitions are denoted as f4(Z, A, E) and fy(Z, A E), respectively. The total f-decay
half-lives were computed, including all transition probabilities to the states in the daughter
within the Q window.

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

(51)

fum (T, p, Ef)
(fOnm

The term (ft)um is linked to the reduced transition probabilities (By,) of Fermi and GT
transitions, as follows:

A —1n2 (52)

(ft>nm = D/Bnmr (53)

where
Bum = (§4/8v)*B(GT)um + B(F)um- (54)

The constant D value was chosen as 6143 s [46], and g4 /gy was taken as —1.254 [47]. Many
calculations of B-decay half-lives introduce a quenching factor to reproduce measured
data (e.g., the authors in Ref. [48] used [(g4/8v)eff]* = [0.7(84/8V) free]* ~ 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)um = 7{m | ;TE I m)? (55)

B(GT)um (m || Zrk AR (56)

2], +1

where ?(k) and 7F 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;;;) over total energy were calculated using the following;:

Fum _/ wyw? — W2F(+Z,w)(1 — R_)dw, (57)

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

Wy = my — My + Ey — Ep, (58)
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where E, and E,;, represent the parent and daughter excitation energies, respectively. R_ is
the electron distribution function

R = {ex (EEf>+1]l (59)
- Pt ’

where E = (w — 1), and E 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 B-decay rates were calculated using
the following:

A=Y PAL,, (60)
nm

where P, 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 S-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 f~ 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,
ZOQP, defined by the following;:

Yeg(bd)

o e(1

R, = zy()”’d) ) 61)
e(®) / 0.500>Y,>0.400

where the nuclei having the highest 103,, value will contribute the most to the time rate of

change of the lepton fraction (Y,). As discussed earlier, three different sets of empirically

calculated pairing gaps were used in our analysis to investigate the f-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 neighbor-
ing 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 consid-
ered. 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 A, values is
noted between the TF and 3TF schemes for >'Sc and ®Fe. A difference of similar magnitude
is noted for Ay, between TF and 5TF schemes for the 6466Cy case. The differences between
Ay values exceed even more, reaching 0.7 MeV for %6Mn and more than 1 MeV for 5!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
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225

nucleus is a magic number. This includes the nuclei 57,63,65,67N]j, 85Br. This was expected

as changing pairing gap values would create a larger impact on the closed-shell nuclei.
For %3¢Ni (3TF) and ®’Ni (TF), the total GT strengths are smaller than 10~2 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 >'Ti and %Br (bottom panels of Figure 2). For °!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 OITi employing the pairing gap parameter from TF and 3TF schemes. For 85Br, 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.
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Figure 1. Computed pairing gap values of the selected 50 nuclei used in the current investigation.
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Table 1. The uncertainty associated with the computation of pairing gap values for the selected nuclei.

Nuclei A3TF o3lF ATE o3TF ASTF oSrF ASTE o3TF
56Mn 1.2199 (£0.01262) 1.0826 (¢0.0110) 1.2442 (¢0.0001) 0.9924 (¢0.0002)
2y 1.4051 (¢0.0025) 1.2272 (¢0.0031) 1.4160 (¢0.0002) 1.0549 (¢0.0001)
Cu 1.7205 (¢0.0020) 1.2201 (£0.0015) 1.4529 (£0.0001) 1.2019 (£0.0001)
7Ni 1.9130 (20.0139) 1.2822 (¢0.0029) 1.7737 (+0.0001) 1.2899 (¢0.0002)
0Co 1.3590 (¢0.0021) 1.1972 (¢0.0011) 1.3787 (¢0.0002) 1.1672 (¢0.0001)
98¢ 2.1768 (¢0.0022) 1.4937 (20.0049) 1.9171 (¢0.0001) 1.3496 (¢0.0001)
6Cu 1.1727 (£0.02000) 1.2278 (+0.0008) 0.9495 (+0.0001) 1.2239 (£0.0003)
08¢ 1.9343 (¢0.0025) 1.2055 (+0.0049) 1.6477 (+0.0001) 0.8751 (+0.0001)
Ge 1.0129 (20.0371) 1.3296 (20.0371) 1.0833 (¢0.0004) 1.3652 (20.0004)
%Co 1.6184 (£0.0050) 0.9056 (£0.0200) 1.8231 (+0.0003) 0.9350 (£0.0001)
%Co 1.6088 (£0.0185) 1.0975 (£0.0200) 1.7241 (£0.0003) 1.0406 (£0.0002)
7Ga 1.5809 (¢0.0035) 0.9609 (£0.0024) 1.5749 (¢0.0001) 0.8700 (¢0.0001)
8Ge 1.5680 (¢0.0053) 1.4075 (£0.0371) 1.5901 (£0.0004) 1.3700 (£0.0001)
8B As 1.3892 (£0.0032) 1.3430 (£0.0037) 1.4039 (+0.0001) 1.2378 (¢0.0001)
SITi 1.3611 (£0.0025) 1.5025 (£0.0027) 1.3831 (+0.0001) 1.2243 (¢0.0001)
Mn 1.5931 (20.0847) 0.9028 (¢0.0027) 1.6418 (+0.0001) 0.8997 (20.0014)
%Co 1.0334 (¢0.0200) 0.9853 (¢0.0200) 1.1886 (+0.0003) 0.9449 (¢0.0003)
¥Ca 1.9691 (¢0.0025) 1.5047 (¢0.0022) 1.9517 (¢0.0001) 1.0974 (¢0.0001)
Cr 1.6375 (¢0.1002) 1.3923 (£0.0029) 1.6181 (+0.0001) 1.4475 (£0.0017)
8Cu 1.6340 (¢0.0139) 1.1839 (£0.0015) 1.2401 (£0.0001) 1.1982 (£0.0002)
82As 1.1693 (¢0.0037) 1.1848 (¢0.0037) 1.1112 (¢0.0001) 1.2637 (¢0.0001)
Ga 1.5284 (¢0.0025) 1.1589 (£0.0029) 1.5263 (+0.0001) 1.1338 (20.0001)
“Cu 1.8563 (+0.0064) 1.2126 (+0.0015) 1.5295 (+0.0001) 1.2842 (+£0.0001)
7Ni 1.4860 (¢0.0005) 2.0909 (¢0.0007) 1.2959 (¢0.0001) 1.6936 (¢0.0001)
61Fe 1.1374 (¢0.0185) 1.4226 (+0.0034) 1.1978 (¢0.0001) 1.4176 (¢0.0002)
81Ge 1.1328 (¢0.0037) 1.4039 (¢0.0371) 1.1508 (¢0.0004) 1.4434 (¢0.0001)
8Ga 0.9509 (£0.0371) 0.7791 (£0.0024) 0.9806 (¢0.0001) 0.8022 (20.0004)
51S¢ 2.2206 (£0.0027) 0.5445 (+0.0030) 1.9128 (+0.0003) 0.5739 (¢0.0001)
4Cu 1.1883 (¢0.0185) 1.2356 (+0.0006) 1.0006 (¢0.0001) 1.2227 (¢0.0002)
57Cr 1.2598 (20.1758) 1.2904 (£0.0029) 1.2004 (+0.0001) 1.3414 (¢0.0031)
7Ge 1.1226 (20.0097) 1.5012 (+0.0035) 1.1623 (+0.0004) 1.4548 (¢0.0001)
%5Cr 1.4016 (20.0111) 1.3681 (¢0.0005) 1.3107 (¢0.0001) 1.3009 (¢0.0002)
83Ge 1.0541 (20.0257) 1.5793 (+0.0030) 1.0326 (+0.0001) 1.6650 (20.0003)
62Fe 1.6161 (¢0.0185) 1.4124 (+0.0043) 1.6126 (+0.0001) 1.4283 (¢0.0002)
485¢ 1.6681 (+0.00495) 1.0748 (£0.004) 1.4966 (+0.0001) 1.2842 (¢0.0001)
5Nj 1.3447 (+0.02000) 1.6032 (¢0.0013) 1.2584 (¢0.0001) 1.5513 (¢0.0003)
5’Mn 1.6066 (£0.0270) 0.9021 (£0.0027) 1.6861 (+0.0001) 0.8998 (20.0004)
7ICu 1.8159 (£0.0856) 1.2893 (¢0.0014) 1.6357 (£0.0001) 1.2441 (£0.0012)
BTy 1.3766 (£0.0111) 0.9499 (£0.0158) 1.3804 (+0.0005) 1.0040 (¢0.0002)
By 1.6405 (¢0.0031) 0.8829 (20.0118) 1.6974 (¢0.0004) 0.8841 (¢0.0001)
3Ga 1.5124 (£0.0021) 1.3556 (£0.0029) 1.5412 (+0.0001) 1.2805 (£0.0001)
85Br 1.4286 (+0.0030) 1.4394 (£0.02573) 1.3917 (+0.0003) 1.3371 (¢0.0001)
©2Co 1.2586 (20.0185) 1.1560 (¢0.0185) 1.3493 (+0.0003) 1.1262 (¢0.0002)
OCu 1.6734 (+0.0038) 1.3558 (¢0.0015) 1.3925 (¢0.0001) 1.3226 (¢0.0001)
76Ga 0.9984 (20.0061) 1.1087 (£0.0029) 1.0605 (+0.0001) 1.0347 (¢0.0001)
37n 1.1969 (¢0.0029) 1.5210 (+0.0026) 1.1866 (+0.0001) 1.5200 (¢0.0001)
80Ge 1.4776 (+0.00264) 1.3965 (£0.0371) 1.4952 (+0.0004) 1.4016 (¢0.0001)
BN 1.4407 (¢0.0185) 1.6443 (£0.0004) 1.3143 (+0.0001) 1.6195 (£0.0002)
Co 1.6837 (20.0064) 1.0702 (¢0.0139) 1.9365 (¢0.0012) 1.1621 (¢0.0001)
61Co 1.6913 (20.0034) 1.1372 (+0.0185) 1.7680 (+0.0002) 1.1463 (¢0.0001)
8Fe 1.0101 (¢0.0200) 1.4439 (¢0.0050) 1.0213 (¢0.0001) 1.4297 (¢0.0003)

We first tested how well the different pairing gaps reproduced the measured GT
distributions. For the needful comparison, we selected *Co with a 8~ decay Q-value of
3.672 MeV and %°Co with a B~ 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 ®°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 S-decay properties.
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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 3Co. Experimental data

were taken from Refs. [53,54].

Branching ratios (I) of charge-changing transitions in the daughter were calculated

using the following equation:

T2 o 900 (%).
ta/2)

(62)
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Figures 5-8 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 **Mn,
7Ni, °Ga, and "8Ge, 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 ’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 7°Ga, as exhibited in Figure 7. Branching ratios less than 10~3 are not shown
in these figures. For the even—even nucleus "8Ge, 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 Tj /, through t; /. The middle and
bottom panels of Figure 5 show that the t; /5 of the B~ -decay of **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
(®’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.
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Figure 4. Comparison between measured and calculated GT distributions of ®*Co. Experimental data
were taken from Refs. [54,55].
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Figure 5. Calculated branching ratios (I) and partial half-lives (t; /») for the B-decay of %*Mn as
functions of the pairing gaps within the Q-value window. E i shows the excited energy in the
daughter nucleus.

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;, as follows:

i)

. I ex

Yi= {Tew if Tijp=> Tl/g}
1/2

OR

Texp

1/2 . 1 ex

= {Ta}l if T < Tl/g}. (63)
1/2




Universe 2024, 10, 128 17 of 26

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 (i) was calculated using
the following:

1 n
y=- Y i (64)
i=1

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.
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Figure 6. Calculated branching ratios (I) and partial half-lives (t; /) for the 3-decay of 7Ni as func-
tions of pairing gaps within the Q-value window. E; shows excited energy in the daughter nucleus.



Universe 2024, 10, 128

18 of 26

Table 2. Accuracy of the pn-QRPA model calculated the half-lives using three different pairing gaps
for the selected 50 top-ranked B-decaying nuclei.

Condition Pairing Gaps n n% Yy
vV oy <10 TF 39 78 2.81
3TF 40 80 2.42
5TF 36 72 3.18
Vy <2 TF 21 42 1.32
3TF 22 44 1.22
5TF 18 36 1.42
75Ga TF 1021 TF ‘
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Figure 7. Calculated branching ratios (I) and partial half-lives (t; /) for the B-decay of 7>Ga as func-
tions of pairing gaps within the Q-value window. E; shows excited energy in the daughter nucleus.

Because of the crucial importance of these nuclei in a stellar environment, we decided
to calculate B-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 S-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
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strength to higher excitation energies. Tables 3—7 show the B-decay rates of the top-ranked
50 nuclei at selected densities [pY, = (107, 10°, 1011) g cm 3], and temperatures [T = (5, 10,
15, 30) GK]. In these tables, entries written as <1079 mean that the calculated p-decay
rates are less than 107190 s ~1. At lower core densities, the abundance of these nuclei would
almost be negligible. At high densities, the phase space is choked and B-decay rates tend
to zero. Only at high core temperatures might the 5-decay rates prove useful for collapse
simulators. Tables 3-7 show that B-decay rates increase as the core temperature increases
and decrease as pY, 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 S-decay rates at high stellar density values. It can be concluded from
Tables 3-7 that the 3TF scheme leads to the calculation of the largest stellar f-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 -decay rates using
different pairing gap values under predetermined physical conditions.
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Figure 8. Calculated branching ratios (I) and partial half-lives (t; /) for the B-decay of "3Ge as func-
tions of pairing gaps within the Q-value window. E; 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].

Table 3. Comparison of calculated stellar p-decay rates for 48-51g. 49y, 51.53Tj, 5253y 55Cr, and
56Mn as functions of pairing gap values. The stellar core temperatures are given in units of GK, and

densities are given in units of gem 3.
Nuclei T p =107 p =10° p =101
TF 3TF 5TF TF 3TF 5TF TF 3TF 5TF

48g¢ 5 916 x 100%  1.00 x 107%® 451 x 107%* 206 x 1077 160 x 107% 875 x 10°7 8.02 x 10726 142 x 107* 413 x 107°®
10 545 x 1009 110 x 1072 1,01 x 1072 533 x 10°% 124 x 1079 124 x 100% 259 x 107® 100 x 1072 655 x 1072
15 349 x 1072 736 x 1072 718 x 1072 986 x 10°® 232 x 10792 225 x 1072 526 x 100% 154 x 10°% 124 x 108
30 243 x 1007 610 x 100 573 x 1079 1.87 x 100" 476 x 107" 446 x 1079 144 x 100% 391 x 100% 350 x 10°%
YCa 5 562 x 1072 346 x 1072 217 x 10792 404 x 1070 254 x 100% 220 x 100%® 547 x 1072 404 x 102! 407 x 1072
10 3.80 x 1079 252 x 1079 240 x 107" 125 x 1079 845 x 10792 859 x 1072 1.14 x 107 912 x 107" 873 x 1071
15 125 x 10t 993 x 107 964 x 107" 611 x 107" 495 x 107 486 x 1070 536 x 1007 679 x 1007 458 x 1077
30 612 x 10M%0 122 x 1090 548 x 10t® 507 x 10t 1,04 x 10"" 456 x 10t° 545 x 1079 175 x 1072 513 x 10°%
495¢ 5 771 x 107" 121 x 100%® 908 x 107 123 x 107% 199 x 107% 140 x 10°% 333 x 1072 294 x 1002 278 x 107
10 514 x 100%® 543 x 1079 509 x 1070 731 x 100% 631 x 100 653 x 100 125 x 1072 1.11 x 1072 1.01 x 1072
15 528 x 107922 385 x 1072 403 x 1072 186 x 107922 137 x 1072 132 x 1072 163 x 107% 160 x 107% 1.15 x 107%
30 679 x 10790 1.04 x 1079 428 x 107 533 x 107 849 x 1070 331 x 1079 456 x 107 998 x 10°% 270 x 107%
08¢ 5 752 x107% 820 x 100%® 977 x 1072 137 x 100%  1.02 x 107% 225 x 107%* 3.06 x 1003 711 x 100® 828 x 1072
10 1.04 x 107 916 x 1072 124 x 107 166 x 10792 132 x 1072 225 x 1072 789 x 1072 113 x 1071 128 x 1071
15 358 x 107 344 x 10707 509 x 107 124 x 107?118 x 107"  1.88 x 1070 721 x 10°% 940 x 107%  1.17 x 10°%
30 179 x 107 192 x 10t%° 303 x 10t° 141 x 1070 152 x 10" 242 x 10t° 119 x 1079 138 x 10°% 2,08 x 10°%
515¢ 5 304 x 1072 115 x 1002 1.04 x 10792 214 x 1079 771 x 107% 681 x 107%* 468 x 102 370 x 10020 347 x 1072
10 158 x 1079 959 x 1072 128 x 1079 473 x 1072 168 x 1072 246 x 1072 128 x 10710 748 x 1071 679 x 107!
15 1.05 x 107° 401 x 1070 568 x 1079 522 x 1077 145 x 107 211 x 107 622 x 1077 237 x 1007 210 x 10°%
30 861 x 101 313 x 10t 279 x 10t° 716 x 1070 255 x 10 222 x 10t° 815 x 1079 333 x 10°% 206 x 10°%
Sy 5 462 x 1078 356 x 10°® 286 x 1072 887 x 100 798 x 107 783 x 100 148 x 1002 135 x 1002 144 x 1072
10 463 x 1072 441 x 10792 432 x 10702 767 x 100%® 760 x 1009 787 x 107 286 x 1072 291 x 1072 3.10 x 102
15 163 x 1079 1.86 x 1079 1.80 x 107" 569 x 1002 671 x 10792 658 x 10702 280 x 10°% 353 x 10°% 341 x 1078
30 873 x 10092 195 x 10t 1,03 x 10t® 689 x 107" 156 x 10t 817 x 1079 553 x 100% 137 x 100%  6.81 x 10°%
52y 5 541 x 100% 832 x 10°% 738 x 107 146 x 107% 492 x 107% 440 x 10°% 161 x 1005 585 x 100% 522 x 107
10 134 x 1002 198 x 10792 191 x 1002 101 x 100%® 202 x 100% 197 x 100 290 x 1078 627 x 10°®  6.08 x 10713
15 519 x 10792 861 x 1072 881 x 1072 127 x 10792 243 x 1072 249 x 1072 495 x 107 1.01 x 107%  1.04 x 107%
30 281 x 1000 527 x 107 569 x 107 211 x 107" 404 x 1070 436 x 107 141 x 107 286 x 107% 3.08 x 107%
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Table 3. Cont.

Nuclei T p =107 p=10° p =10
TF 3TF 5TF TF 3TF 5TF TF 3TF 5TF
BTi 5 470 x 1002 271 x 1072 282 x 1072 977 x 1079 581 x 107®  6.04 x 100 116 x 100® 935 x 1072! 953 x 102
10 536 x 1070 428 x 107 436 x 107 1.82 x 1077 154 x 1070 156 x 107 152 x 1070 161 x 1071°  1.60 x 1071
15 154 x 1079 163 x 10*® 159 x 107% 748 x 107 828 x 107" 804 x 107" 632 x 100 859 x 1077  8.00 x 107
30 632 x 10t 118 x 1019 750 x 10t 524 x 10t 989 x 10t® 625 x 10t® 561 x 10°® 122 x 1002 728 x 10°%
By 5 593 x10% 372 x100%® 424 x 100%® 243 x 100%® 171 x 100% 170 x 100%® 218 x 100® 140 x 100®  1.14 x 1073
10 278 x 1072 185 x 10702 202 x 1002 463 x 100% 229 x 100% 230 x 100%® 298 x 1072 139 x 10712 125 x 10712
15 217 x 1007 110 x 10707 1.14 x 1070 789 x 1072 340 x 1002 337 x 1002 466 x 100% 186 x 10°% 170 x 1078
30 1.82 x 10t 107 x 10t 697 x 107" 144 x 10t 836 x 107" 538 x 100 121 x 100%® 693 x 100% 405 x 10°%
5Cr 5 964 x 100% 723 x 100%® 682 x 100% 910 x 100%® 653 x 100% 612 x 100 129 x 100® 925 x 100 847 x 107
10 447 x 1002 321 x 1002 313 x 1002 579 x 100 417 x 100 400 x 100% 203 x 1072 149 x 1072 137 x 10712
15 122 x 107097 1.02 x 10707 948 x 1072 387 x 1072 331 x 1002 301 x 1002 183 x 100% 173 x 10°% 139 x 1078
30 541 x 10709 1.00 x 1079 456 x 1079 422 x 1079 800 x 107" 356 x 107 327 x 100% 741 x 100% 274 x 10°%
56Mn 5 157 x 100% 577 x 100% 505 x 100% 140 x 1007 723 x 1007 582 x 1007 176 x 1002 923 x 1072 771 x 1072
10 281 x 1009 597 x 1009 560 x 100% 156 x 100% 393 x 100% 366 x 100 501 x 100% 131 x 108 124 x 108
15 1.4 x 1072 245 x 10702 241 x 1002 254 x 100% 587 x 100% 578 x 107  1.04 x 1079 248 x 107% 245 x 1079
30 7.05 x 10792 160 x 1079 1.63 x 1079 525 x 1072 120 x 107 123 x 107 347 x 100%® 815 x 100%® 836 x 10°%®
Table 4. Comparison of calculated stellar B-decay rates for >/58Cr, 57%Mn, 57Ni, 60-63Co, and ®1-3Fe
as functions of pairing gap values. The stellar core temperatures are given in units of GK and densities
are given in units of gcm 3.
Nuclei T p =107 p=10° p =10
TF 3TF 5TF TF 3TF 5TF TF 3TF 5TF
57Cr 5 131 x 1002 117 x 1070 1.16 x 100 1.68 x 1072 764 x 10700 764 x 100% 146 x 1002 259 x 1072 267 x 1072
10 134 x 10709 323 x 1079 324 x 107 475 x 1002 738 x 1072 743 x 1072 204 x 1070 403 x 10711 4.09 x 10°1
15 684 x 10700 887 x 107" 855 x 107"  3.69 x 107 361 x 107" 346 x 107 839 x 107 240 x 1077 221 x 10°%7
30 463 x 1070 543 x 101 344 x 10t 394 x 1070 443 x 1010 277 x 10t® 605 x 100% 450 x 1079 255 x 1070
Mn 5 881 x 100% 832 x 1070 832 x 100% 151 x 100 136 x 107 136 x 1075 346 x 1072 213 x 1002 266 x 107
10 159 x 10792 131 x 1072 131 x 1002 127 x 100® 780 x 107 809 x 100* 585 x 107 322 x 10°® 372 x 10713
15 621 x 10792 354 x 1072 326 x 1002  1.70 x 1072 871 x 107® 760 x 107 828 x 107 564 x 107 3.81 x 107%
30 431 x 107 430 x 1070 146 x 107 330 x 107 344 x 107 1.10 x 1077 242 x 100% 406 x 107* 7.83 x 107%
57Ni 5 <1010 321 x 1072 < 107100 < 10710 247 x 1072 <1010 < 107100 249 x 107% <1010
10 < 107100 1.79 x 10713 < 107100 < 107100 255 x 10715 <1010 < 107100 590 x 107% < 107100
15 < 107100 2.86 x 1071 < 107100 < 107100 299 x 10712 <1010 < 107100 845 x 1071 < 107100
30 < 107100 514 x 107% < 107100 < 107100 344 x 1079 <1010 < 107100 1.60 x 10712 < 107100
BCr 5 682 x 1072 729 x 1072 718 x 1072 140 x 1079 149 x 1079 154 x 100% 323 x 102" 296 x 1072 299 x 1072
10 506 x 1079 589 x 107" 526 x 1077 1.71 x 107 194 x 1077 173 x 100 213 x 10710 226 x 10710 195 x 10710
15 150 x 10T%0 247 x 1070 145 x 100 760 x 107 123 x 10T 719 x 107" 832 x 107 131 x 107% 731 x 10°%
30 227 x 1079 820 x 10" 206 x 10t® 190 x 107° 687 x 10?171 x 10t 230 x 10°% 871 x 107%®  1.99 x 107%
¥Mn 5 245 x 1000 254 x 1079 252 x 107 129 x 1002 142 x 1002 140 x 10792 299 x 1072 342 x 102! 314 x 107
10 343 x 1079 406 x 1079 412 x 100" 643 x 1002 726 x 1072 735 x 1072 332 x 107" 377 x 107! 348 x 101
15 9.02 x 107" 899 x 107" 940 x 107" 340 x 107" 319 x 107 330 x 107 212 x 107 208 x 1077 1.90 x 10-%
30 427 x 10700 402 x 100 316 x 10t 341 x 1070 321 x 10t 249 x 10t 308 x 10°% 318 x 1079 213 x 107
0Co 5 361 x 100% 132 x 100 131 x 100% 212 x 100% 711 x 10°% 708 x 10°% 281 x 10°¥ 897 x 100¥ 9.16 x 10°¥
10 767 x 100 167 x 1009 160 x 100% 434 x 100 824 x 107 817 x 100 135 x 107 243 x 10°* 244 x 1074
15 356 x 1002 673 x 1070 659 x 100% 802 x 107% 142 x 1072 140 x 1009 321 x 1071 538 x 10710 533 x 1010
30 228 x 10792 403 x 1072 390 x 1072 169 x 10722 297 x 1072 288 x 1072  1.10 x 107%  1.87 x 107% 1.81 x 107%
61Co 5 859 x 107 504 x 100 723 x 107% 577 x 107 140 x 1070 436 x 1077 661 x 10726 348 x 10715 550 x 1072
10 327 x 1072 865 x 1070 251 x 107%  1.81 x 107% 404 x 10T 137 x 100* 532 x 107 579 x 1078 426 x 10714
15 137 x 107922 237 x 10T 964 x 107% 310 x 107%® 149 x 10T 221 x 1009 121 x 10722 589 x 107 8.85 x 10~
30 955 x 10792 126 x 1012 647 x 1072 718 x 1072 1.10 x 1072 488 x 1072 482 x 107% 223 x 107" 330 x 107%
61Fe 5 536 x 1072 452 x 1072 469 x 1072 166 x 1072 150 x 107 153 x 107% 343 x 1002 273 x 1002 274 x 1072
10 153 x 10797 137 x 107 141 x 1070 257 x 1072 219 x 1072 225 x 1002 112 x 1071 881 x 10712 897 x 10712
15 453 x 1079 401 x 1077 402 x 1077 160 x 107 138 x 107?138 x 107 889 x 107% 752 x 1078 718 x 108
30 218 x 1070 274 x 109 178 x 10t%® 173 x 107° 219 x 10" 141 x 10t 149 x 10°% 203 x 107%®  1.17 x 107%
2Co 5 149 x 1002 319 x 107 321 x 100 3.01 x 10°% 210 x 1002 210 x 1002 360 x 1002 500 x 1072 541 x 1072
10 502 x 1072 719 x 100 713 x 107" 344 x 100® 144 x 100" 142 x 107 1.07 x 10792 670 x 107 693 x 1071
15 119 x 1077 175 x 10790 176 x 10" 295 x 1072 664 x 107" 662 x 107" 124 x 10°% 394 x 1077 390 x 10°%
30 542 x 100 7.4 x 100 566 x 1010 411 x 107 574 x 10" 452 x 10t 288 x 10°%* 543 x 1079 398 x 107
02Fe 5 918 x 107%® 618 x 107 1.03 x 1072 537 x 1075 270 x 100* 490 x 107% 646 x 1072 127 x 1002  6.05 x 1072
10 334 x 10792 252 x 107" 333 x 1002 311 x 100%® 622 x 1072  3.01 x 100% 989 x 107 409 x 10711  9.82 x 10713
15 1.06 x 1077 111 x 1079 1,08 x 107 289 x 1072 473 x 107"  3.01 x 1002 125 x 10°%  3.66 x 107 133 x 1098
30 546 x 1079 418 x 10t 590 x 1079 420 x 107"  3.44 x 10" 455 x 107" 3.08 x 10°%* 390 x 1079 340 x 10°*
BCo 5 716 x 1002 681 x 1002 757 x 1002 556 x 10°%* 456 x 100 575 x 100% 746 x 1002 565 x 102 766 x 102
10 130 x 1079 130 x 107" 1.68 x 107 131 x 1002 116 x 1072 159 x 1002 457 x 1072 374 x 10712 522 x 10712
15 327 x 1077 285 x 107" 369 x 107 940 x 1072 762 x 1072 998 x 1072 443 x 10°% 337 x 1078 435 x 108
30 133 x 10790 122 x 10 1,06 x 10t° 104 x 107 942 x 107" 815 x 1079 802 x 10°%* 735 x 10°* 596 x 10°*
Fe 5 716 x 1002 681 x 1002 757 x 1002 556 x 10°%* 456 x 100 575 x 100% 746 x 1002 565 x 102 766 x 1072
10 130 x 1077 130 x 107" 1.68 x 107 131 x 1002 116 x 1072 159 x 1002 457 x 1072 374 x 10712 522 x 1072
15 327 x 1077 285 x 107" 369 x 107 940 x 1072 762 x 1072 998 x 1072 443 x 10°% 337 x 10°% 435 x 108
30 133 x 1079 122 x 10 1,06 x 10t° 104 x 107 942 x 107" 815 x 107" 802 x 10°%* 735 x 10°* 596 x 10°*
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Table 5. Comparison of calculated stellar S-decay rates for

63,65,67N]i 646567Cq and #4970Cy as
4 7

functions of pairing gap values. The stellar core temperatures are given in units of GK and densities

are given in units of gem 3.
Nuclei T p =107 p=10° p=10"
TF 3TF 5TF TF 3TF 5TF TF 3TF 5TF
63N 5 1.02 x 100% 973 x 107% 869 x 107% 625 x 107% 748 x 107%  7.06 x 107 659 x 10028 883 x 1002 738 x 1072
10 330 x 100% 391 x 100% 235 x 100% 182 x 1005 395 x 1005 131 x 1075 486 x 1075 646 x 107 350 x 1015
15 326 x 1008 101 x 1002 197 x 1008 689 x 100% 423 x 107 410 x 107 245 x 10710 719 x 1079 145 x 10°1©
30 329 x 10092 746 x 109 185 x 10792 243 x 1092 632 x 100 137 x 10792 152 x 100% 977 x 10°% 843 x 10°%
#4Co 5 522 x 107 1.02 x 10t 979 x 1077 1.03 x 1072 697 x 1002 665 x 1002 148 x 102! 150 x 1002 150 x 1072
10 817 x 1070 2,00 x 10"  1.86 x 1010 106 x 107" 394 x 107"  3.66 x 107" 3.89 x 1071 167 x 1071 157 x 10°1©
15 140 x 101 378 x 1070 344 x 1070 443 x 107 140 x 1070 127 x 1070 216 x 1077 746 x 1077  6.82 x 1077
30 459 x 10t 1,09 x 10t% 986 x 10t® 359 x 10t® 865 x 10t° 782 x 10t 284 x 10°® 721 x 100%® 655 x 10°%
#4Cy 5 132 x10% 271 x 100% 376 x 100% 347 x 1072 982 x 1072 121 x 107" 403 x 1073 1.03 x 10730 129 x 1073
10 234 x 107% 494 x 107% 587 x 107%  9.66 x 107%®  1.60 x 1077 213 x 1077 291 x 1077 4.02 x 1077 555 x 107
15 199 x 100% 417 x 100 555 x 1005 396 x 107% 685 x 107% 9.84 x 107% 154 x 1072 220 x 1072 327 x 10712
30 198 x 107 398 x 107 592 x 107 145 x 107 285 x 107% 428 x 107 918 x 10°% 158 x 1077 247 x 107"
85Co 5 925 x 107 809 x 1070 925 x 1070 1.10 x 107" 843 x 1072 995 x 1072 521 x 1002 296 x 1002 375 x 1072
10 1.69 x 101 173 x 10t 204 x 1010 426 x 107" 397 x 107 479 x 107 267 x 10710 212 x 10710 262 x 10°1°
15 3.82 x 100 343 x 1019 408 x 10700 1.60 x 1079 136 x 10790 164 x 107%° 1.2 x 107% 863 x 107 1.04 x 107%
30 117 x 10t00  9.75 x 100 9.42 x 1070 953 x 1070 785 x 107 757 x 10t 912 x 107%® 733 x 1009 693 x 10°%
5N 5 366 x 1079 310 x 100® 326 x 1079 374 x 107% 293 x 107% 318 x 107% 804 x 1072 670 x 107% 676 x 1072
10 172 x 1002 118 x 1002 154 x 1002 167 x 1009  1.04 x 107 129 x 1079 619 x 107 394 x 107 462 x 1013
15 110 x 107" 774 x 1002 9.04 x 1002 322 x 1072 222 x 1072 245 x 1072 148 x 10°% 1.06 x 107% 1.07 x 10
30 805 x 1079 1,03 x 10t% 610 x 1079 624 x 10790 804 x 1079 467 x 107 471 x 100%* 655 x 10°% 339 x 107
66Cu 5 152 x 10% 733 x 100% 805 x 100 414 x 107% 191 x 100% 200 x 107% 499 x 10028 200 x 1007 209 x 10°%
10 194 x 100% 540 x 100* 540 x 100% 757 x 107% 185 x 1075 178 x 1075 233 x 10715 482 x 1075 462 x 10°°
15 861 x 1070 195 x 1000 191 x 1009 160 x 100% 347 x 100 335 x 100" 607 x 1071 117 x 1071 1.13 x 10°1©
30 571 x 1009 117 x 107% 1.17 x 10792 415 x 1079 849 x 107 843 x 107 252 x 107% 497 x 107% 492 x 107%
%7Co 5 7.00 x 10t 612 x 10t 6.62 x 1010 236 x 1070 206 x 107 233 x 107 283 x 1077 225 x 1077 282 x 107V
10 1.06 x 100 1.16 x 10701 1.23 x 1070 458 x 1070 488 x 10t 546 x 101 975 x 107 977 x 107% 178 x 107%
15 221 x 10t 229 x 100 2.67 x 10101 122 x 10701 124 x 1070 152 x 10700 179 x 107%° 174 x 107% 3.62 x 107%
30 627 x 1070 617 x 100! 7.50 x 1070 528 x 1079 519 x 1079 643 x 1070 706 x 1072 687 x 1072 117 x 1079
7Cu 5 157 x 107% 145 x 107% 1.37 x 107% 429 x 107%® 442 x 107%® 355 x 1078 586 x 107¥ 6.15 x 100¥ 412 x 107%
10 767 x 107% 752 x 107% 7.11 x 107% 331 x 107% 321 x 100%® 270 x 100%® 114 x 100% 122 x 1074 787 x 1079
15 3.70 x 107 348 x 107% 2.90 x 1079 774 x 1079 728 x 100% 548 x 100% 3.10 x 107 340 x 107 2,00 x 10710
30 301 x 1002 405 x 1002 177 x 1002 224 x 1002 303 x 1002 129 x 1002 145 x 10°% 215 x 10°% 791 x 10°%
67Ni 5 513 x 1002 881 x 1072 685 x 1072 244 x 100%* 366 x 100% 296 x 100% 1.76 x 1002 265 x 1002 146 x 1072
10 191 x 100 264 x 107 218 x 1070 359 x 1002 575 x 1072 455 x 1072 231 x 101 524 x 107 330 x 10
15 120 x 10" 196 x 10" 145 x 1010 469 x 107" 897 x 107" 624 x 107" 299 x 107 805 x 107 462 x 1077
30 750 x 1070 1.88 x 10t  1.03 x 10*°"  6.03 x 10t® 156 x 10" 836 x 10t® 542 x 107 175 x 10722 822 x 107®
8Cu 5 938 x 10%® 196 x 1002 165 x 1002 511 x 107% 175 x 100 145 x 100% 553 x 1002 191 x 100% 153 x 10°%
10 200 x 1002 413 x 1002 357 x 1002 857 x 100* 195 x 107 160 x 1079 243 x 107 538 x 107 421 x 10
15 405 x 10792 7.89 x 107 6.97 x 10792 824 x 107 161 x 1072 136 x 1072 313 x 107% 593 x 107%° 476 x 1079
30 166 x 1077 279 x 107 2.55 x 107 123 x 1077 206 x 1077 1.88 x 1070  8.00 x 107% 131 x 107% 1.15 x 10~%
“Cu 5 463 x 10792 439 x 107 445 x 10792 830 x 107 682 x 107%® 731 x 100%® 1.03 x 1002 885 x 107 9.04 x 10°*
10 8.69 x 1072 7.89 x 107 8.07 x 10792 512 x 107 446 x 100 461 x 100 155 x 1072 149 x 1072 137 x 1072
15 194 x 107* 1.69 x 1070 1.76 x 1070 430 x 1072 373 x 1072 385 x 10792  1.68 x 107% 172 x 107% 148 x 107%
30 644 x 10707 729 x 1070 571 x 1079 482 x 10790 552 x 1079 427 x 1079 320 x 107%* 426 x 107%* 281 x 107*
Cu 5 2.51 x 10790 294 x 107" 3.18 x 107 213 x 107% 299 x 107 374 x 100 281 x 1002 430 x 1002 504 x 1072
10 391 x 1079 447 x 107* 519 x 1079 385 x 10792 467 x 1072 565 x 1072 129 x 1001 167 x 1071 1.89 x 1071
15 673 x 10791 748 x 107* 9.02 x 107 1.86 x 1077 213 x 1077 259 x 10790 826 x 107%® 993 x 107® 1.15 x 107
30 229 x 10t 243 x 1010 297 x 10t%® 175 x 10t 187 x 10*%° 229 x 10" 128 x 10°%® 141 x 100%®  1.68 x 107
Table 6. Comparison of calculated stellar p-decay rates for 71Cu, 737578Ga, 73Zn, and 7780Ge as
functions of pairing gap values. The stellar core temperatures are given in units of GK and densities
are given in units of gcm_3 .
Nuclei T p =107 p=10° p =101
TF 3TF 5TF TF 3TF 5TF TF 3TF 5TF
ICu 5 385 x 109 345 x 100 352 x 1007 695 x 107 551 x 1079 569 x 100%  1.18 x 1002 1.05 x 1002  1.08 x 1072
10 617 x 1079 550 x 107 577 x 1000 778 x 1072 6.62 x 10722 7.00 x 1002 300 x 1077 290 x 107 283 x 1071
15 130 x 107 112 x 107 117 x 10" 400 x 107 341 x 107 355 x 1070 195 x 1007 196 x 107 177 x 1077
30 419 x 1079 429 x 1019 353 x 10t° 327 x 1070 336 x 100 274 x 10t® 254 x 1079 299 x 10°% 213 x 10°%
7Ga 5 356 x 100%® 367 x 107® 369 x 10°%® 796 x 107% 748 x 107% 726 x 107% 1.05 x 107 1.04 x 100* 955 x 10°®
10 274 x 1079 256 x 1070 272 x 107% 2,01 x 107® 182 x 1079 1.87 x 100%® 637 x 107 653 x 107¥ 592 x 10713
15 118 x 107 113 x 107 1.11 x 10790 291 x 107® 2388 x 1072 265 x 107%  1.17 x 10°%® 137 x 107%  1.06 x 1079
30 697 x 1077 1.05 x 1079 618 x 1079 527 x 107 811 x 1070 465 x 107 356 x 10°* 632 x 10°%* 311 x 10°*
7n 5 157 x 1002 150 x 1072 149 x 1072 225 x 107 1.80 x 100* 229 x 107% 748 x 1002 531 x 1002 687 x 1072
10 130 x 10797 946 x 1072 1.11 x 1070 275 x 1072 179 x 1072 213 x 1002 156 x 1077 953 x 1072 1.11 x 1071
15 9.66 x 107 714 x 107 785 x 10790 394 x 107 282 x 107" 305 x 107 253 x 1007 181 x 107 1.84 x 1077
30 7.64 x 1070 798 x 1010 622 x 10t° 618 x 1070 646 x 1070 500 x 10t® 570 x 10°® 618 x 107 447 x 10°%
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Table 6. Cont.
Nuclei T p =107 o =10° p =101
TF 3TF 5TF TF 3TF 5TF TF 3TF 5TF
5Ga 5 381 x 1072 380 x 1072 378 x 1072 499 x 10°% 463 x 100% 463 x 10°% 871 x 1002 787 x 1002 871 x 1072
10 171 x 1079 1.81 x 107 217 x 1079 231 x 10092 230 x 1002 301 x 1072 912 x 10712 933 x 10712 151 x 1071
15 659 x 1079 6.68 x 107 9.06 x 107 215 x 107 213 x 107  3.09 x 107" 1.07 x 1077 114 x 1007  1.94 x 1077
30 378 x 10M0 434 x 10t 491 x 10t 296 x 1070 341 x 10" 390 x 10t° 234 x 1079 289 x 10°% 352 x 10°%
76Ga 5 139 x 100 208 x 1077 212 x 107 383 x 1000 1.07 x 1072 126 x 1072 902 x 1002 398 x 102! 532 x 1072
10 429 x 1079 811 x 1079 809 x 107 748 x 1072 186 x 109 193 x 100" 371 x 107" 1.14 x 10710 125 x 1010
15 124 x 1010 278 x 1070 278 x 101 455 x 107 1.16 x 10t° 118 x 1070 270 x 1077 813 x 1077 845 x 107
30 631 x 1010 147 x 10190 148 x 10t 502 x 10t 119 x 10" 120 x 10t% 435 x 1079  1.15 x 1072  1.16 x 10" %
77Ga 5 143 x 100 154 x 1007 151 x 1009 923 x 107" 881 x 1070 857 x 10°%® 527 x 1072 429 x 102! 411 x 1072
10 557 x 100 585 x 107 658 x 1070 131 x 100 125 x 1079 142 x 100" 938 x 1071 841 x 10711 863 x 1071
15 217 x 10t 192 x 1070 228 x 1070 912 x 107" 764 x 107  9.02 x 100 665 x 1007 569 x 1007 587 x 1077
30 128 x 10" 106 x 1019 1.08 x 10t 1.04 x 10t 855 x 10%° 871 x 10t° 100 x 1072 853 x 10°% 791 x 10°%
7Ge 5 449 x 1000 340 x 100%® 466 x 1002 227 x 1000 167 x 100% 232 x 10°% 58 x 102 348 x 102 498 x 107
10 738 x 1072 465 x 10092 685 x 1002 117 x 1002 670 x 1009  1.00 x 1072 533 x 1072 299 x 10712 432 x 10712
15 610 x 100 394 x 1079 542 x 1007 214 x 100 136 x 109 184 x 100 1.16 x 1007 755 x 10°% 955 x 108
30 486 x 10T 431 x 1079 421 x 10t® 385 x 1070 341 x 1070 332 x 10t° 319 x 1079 293 x 107% 269 x 10°%
8Ga 5 236 x 1070 385 x 1070 385 x 107 175 x 1002 473 x 1072 455 x 10792 9.86 x 1072 845 x 10720 752 x 1072
10 839 x 107 1.66 x 107 155 x 10t%® 206 x 107?552 x 107 508 x 1070 149 x 10710 640 x 10710 568 x 1071
15 240 x 101 603 x 10t 547 x 10t 103 x 10t  3.02 x 1070 272 x 10t0 774 x 100 311 x 10°% 274 x 107%
30 114 x 10M00 323 x 10190 285 x 10t 925 x 1070 2,69 x 1010 237 x 10t 902 x 107%® 310 x 1072 2.71 x 10°®
8Ge 5 186 x 100% 143 x 10°% 153 x 10°%* 3.88 x 107% 421 x 107% 407 x 107% 103 x 107 174 x 107 1.18 x 1072
10 383 x 1072 528 x 1072 411 x 1002 714 x 100% 108 x 1072 815 x 1008 361 x 10712 1.17 x 10711 423 x 10712
15 210 x 1079 533 x 107 239 x 1079 805 x 10792 222 x 107 935 x 1072 490 x 10°% 329 x 107 578 x 10°%
30 634 x 1009 553 x 10t% 708 x 107 509 x 1079 465 x 10*° 570 x 107" 459 x 10°* 889 x 107%® 519 x 10°*
Ge 5 920 x 1079 818 x 107%® 811 x 107® 334 x 1002 242 x 10°% 255 x 100® 131 x 1002  9.66 x 1072  1.09 x 1072
10 153 x 107 135 x 100" 147 x 1079 469 x 1077 283 x 1072 312 x 1072 208 x 107" 175 x 1071  1.90 x 1071
15 116 x 107® 975 x 107 1,09 x 10t 2,00 x 10T 394 x 107" 437 x 1079 314 x 1077 274 x 1007 2.88 x 107"
30 957 x 1010 942 x 10t 879 x 10t® 773 x 10t 764 x 10t 708 x 10t° 723 x 1070 741 x 100% 655 x 1079
80Ge 5 592 x 107 446 x 100% 520 x 100 258 x 100 229 x 10°%® 258 x 100 354 x 1002 574 x 1002 414 x 1072
10 914 x 1002 119 x 1079 1.03 x 1077 258 x 1072 360 x 10792 301 x 1072 228 x 10711 432 x 10711 282 x 1071
15 452 x 100 116 x 1070 568 x 1070 210 x 100" 561 x 1079 268 x 100" 179 x 1007  6.01 x 1007 238 x 10"
30 126 x 1070 865 x 10t 159 x 10T® 1,04 x 1070 721 x 10t 131 x 10t° 111 x 1079 883 x 107%® 142 x 107%
Table 7. Comparison of calculated stellar -decay rates for 81Ge, 8283 A, 83Se, and 85Br as functions of
pairing gap values. The stellar core temperatures are given in units of GK and densities are given in
units of gem 3.
Nuclei T p =107 p=10° p=10"
TF 3TF 5TF TF 3TF 5TF TF 3TF 5TF
81Ge 5 290 x 1002 294 x 10792 304 x 1072 262 x 1070 267 x 1009 286 x 100% 177 x 1000 145 x 1002 152 x 1072
10 417 x 1079 412 x 10707 412 x 100 150 x 1007 143 x 1079 143 x 100" 242 x 10710 216 x 1070 2,05 x 10710
15 305 x 107 306 x 1070 284 x 10 158 x 10t 157 x 1070 145 x 10" 185 x 107%  1.84 x 107% 159 x 107%
30 264 x 1019 305 x 1019 237 x 1019 221 x 1019 256 x 10t 198 x 10t 268 x 1072 315 x 1072 233 x 10°®
82As 5 346 x 10792 458 x 1072 420 x 1072 116 x 100® 163 x 100® 161 x 100® 108 x 10721 213 x 1002 216 x 1072
10 297 x 1000 393 x 10700 379 x 107" 716 x 1002  1.06 x 1070 1.04 x 107" 531 x 107" 887 x 1071 877 x 107!
15 150 x 107 211 x 107 206 x 10" 635 x 1070 946 x 1070 929 x 107 462 x 1007 755 x 1007 745 x 1077
30 1.02 x 10190 142 x 10190 141 x 1019 824 x 10t 116 x 10t 1.6 x 10t 783 x 100® 116 x 1002  1.16 x 10°®
8 As 5 323 x 1072 267 x 1002 324 x 1072 1.02 x 100® 887 x 107%* 112 x 100® 118 x 1002 889 x 1072 127 x 10°®
10 305 x 1000 228 x 1070 288 x 107" 951 x 1072 685 x 1072 861 x 1072 144 x 1070 120 x 1070 129 x 1071
15 263 x 10790 209 x 107 240 x 10 129 x 10 1,02 x 10"  1.14 x 10 130 x 107% 120 x 107%  1.10 x 107%
30 256 x 1019 270 x 10190 230 x 1019 213 x 1019 224 x 10t 1.90 x 10t 235 x 10792 267 x 10792 203 x 107®
83Ge 5 329 x 107% 433 x 100%® 484 x 100® 131 x 100%* 206 x 1072 153 x 107%* 581 x 1002 531 x 1002 535 x 1072
10 1.09 x 1077 991 x 1077 1.17 x 107 248 x 1072 288 x 1077 240 x 107 143 x 107" 1.11 x 1077 123 x 1071
15 944 x 1079 746 x 107 859 x 107°"  3.80 x 1079  1.30 x 10t 327 x 107" 242 x 107 177 x 1007 192 x 1077
30 883 x 10t 705 x 10t% 7,00 x 10*® 710 x 10t%° 564 x 10t® 558 x 100 641 x 1079 502 x 10°®  4.80 x 107
85Br 5 103 x 1009 855 x 100% 1.19 x 100%® 150 x 10°%  1.08 x 100% 162 x 100% 164 x 1003 112 x 1002 152 x 1073
10 618 x 1072 368 x 1072 569 x 1072  1.01 x 1002 573 x 10°® 879 x 1009 564 x 1072 391 x 1072 480 x 10712
15 673 x 1070 441 x 1007 605 x 107 234 x 107 153 x 107 206 x 107 126 x 1007 9.77 x 10°%  1.08 x 10~
30 621 x 1010 578 x 10t 566 x 10t 489 x 10t 457 x 10t 444 x 10t 392 x 10°%®  4.02 x 100%® 350 x 10°%
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Table 8. Average B-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 GK and densities

are given in units of gem 3.

Pairing Gap T=5,pY, =10° T =30, pY, = 101! T =30, pY, = 10°
TF 212 x 10701 487 x 1070 5.52
3TF 3.15 x 10791 1.13 x 10792 9.80
5TF 226 x 10701 6.11 x 1079 6.18

4. Conclusions and Summary

In this study, we re-examined the influence of pairing gaps on charge-changing tran-
sitions, partial half-lives, branching ratios, and weak rates for the top 50 astrophysically
significant nuclei that are unstable to 8~ decay. Pairing gaps are some of the most im-
portant model parameters in the pn-QRPA approach for the calculation of f-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 B-decay rates. It was concluded that the 3TF pairing gaps resulted in the
best prediction of f-decay half-lives. The following main conclusions are drawn from the
current investigation:

©  The available empirical formulae for pairing gaps give values of A, differing by
0.5 MeV or more. The difference in A,;;; 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 f-decay rates for the selected top-50
ranked nuclei.
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GT Gamow-Teller

TF traditional formula
3TF 3-term formula
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