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Abstract: B~ decay for ©*Co-%3Ni-*3Cu region nuclei play important roles in core-collapse supernovae
and the slow neutron-capture (s) process. In this work, the stellar B~ decay rates for ®3*Co and ®3Ni
are studied within the projected shell model where the effects of thermally populated parent-nucleus
excited states are analyzed. For 63Co, the calculated stellar B~ decay rates are lower than the results
of the conventional shell model. For the s-process branching point 63N, the B~ decay rate under
a terrestrial condition is well described, and the calculated stellar B~ decay rates in the s-process
condition turn out to increase with stellar temperature due to the contribution from parent-nucleus
excited states.
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1. Introduction

Weak interaction processes of finite nuclei play crucial roles in many frontiers in
particle physics, nuclear physics and nuclear astrophysics. The neutrinoless double B decay
is expected to help us understand the nature of neutrinos and new physics beyond the
standard model [1-3]. B spectrum and anti-neutrino spectrum of nuclear single  decay are
critical for the determination of safety procedures for nuclear power plant operation [4].
More importantly, the understanding of astrophysical problems such as the evolution of
stars, the origin of heavy elements etc. rely heavily on reliable weak-interaction process
rates of finite nuclei in stellar environments with high temperature and high density [5-9].

Stellar weak-interaction processes of finite nuclei mainly include nuclear = decay,
B+ decay, electron capture and positron capture processes in stellar environments. They
can lead to three kinds of effects, changing protons into neutrons or vice versa, reducing
the number of electrons or positrons in the environment, and emitting neutrinos which
can escape the environment unhindered in most cases [5-11]. The nuclear stellar weak-
interaction processes’ rates then turn out to be crucial inputs for understanding the core-
collapse supernova of massive stars [12], the slow neutron-capture (s) process [13], the rapid
neutron-capture (r) process [14], the rapid proton-capture (rp) process [15], the cooling of
neutron stars, etc. [16,17].

It is expected generally that the allowed Gamow-Teller (GT) transition should give
a dominant contribution to stellar weak-interaction process rates [18], although the first
forbidden transitions would probably be non-negligible in many cases [19], especially for
heavy neutron-rich nuclei with large deformation. The reduced GT transition strength
function B(GT) then plays crucial roles in deriving (calculating) stellar weak-interaction
process rates. Experimentally, the B(GT) distributions can be measured by either the
traditional B-decay experiments or the modern charge-exchange (CE) reactions, for nuclei
near or not far from the g stability valley, under terrestrial conditions, i.e., when the parent
nuclei always stay in their ground states (g.s.) [20-24]. However, on one hand, a large
number of nuclei far from the f stability valley are involved and then important for many
astrophysical problems such as the r-process, rp-process, cooling of neutron stars, etc. On
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the other hand, in stellar environments with high temperature and high density, nuclei can
have considerable probability to be thermally populated in their excited states. Systematical
studies for B(GT) distributions of nuclei far from the B stability valley and/or from excited
states of parent nuclei are still beyond the capacity of current experimental techniques.
Therefore, theoretical calculations are relied on heavily currently and in the near future.

Theoretically, over the past few decades, many nuclear structure models have been
developed to study the B(GT) distributions and stellar weak-interaction process rates. The
pioneering work for systematical estimation of nuclear stellar weak-interaction process
rates was completed by Fuller, Fowler and Newman (FFN) [5-8]. In modern treatments, the
conventional shell model (SM), with a full diagonalization of an effective Hamiltonian in a
chosen model space, is regarded as the most reliable method for GT transition and stellar
weak-interaction process rates calculations [9,22]. This method is successfully applied
to calculate nuclear weak-interaction processes in sd-shell [10,25,26] and pf-shell [27,28]
(up to the mass-60 region) nuclei. While considering heavier and deformed nuclei, the
SM is inhibited due to the inevitable explosion of large model- and configuration-space
dimensions in numerical calculations. Other approaches are expected in applications for
the B(GT) distributions and stellar weak-interaction process rates, such as the hybrid
model based on the shell model Monte Carlo approach and the random-phase approxi-
mation [29,30], and the quasiparticle random-phase approximation (QRPA) with different
energy density functionals [31-40], by which nuclei in the whole nuclear landscape can be
touched. Recently, the traditional Projected Shell Model (PSM) [41,42] has been developed
for studying GT transitions as well [43,44]; in particular, the configuration space is extended
for calculating B(GT) distributions by Wang and collaborators [44]. This new method has
been applied successfully in stellar weak-interaction rates calculations, such as the stellar
electron capture process [45—47], the Urca cooling of neutron stars [17], etc. Some important
algorithms for angular-momentum projection are also proposed [48-54].

Massive stars end their lives by core-collapse supernova explosion, leaving neutron
stars or black holes as remnants. Before supernova, massive stars have onion-like struc-
ture, where the Fe-Co-Ni mass-region nuclei play important roles in the core. Before the
core collapse, nuclear 8 decays compete with electron captures depending on neutron
excess [55,56], determining the electron degeneracy pressure. 63Co is one of the most
important f-decaying nuclei in a presupernova collapse [18]. On the other hand, most
heavy elements (nuclei) near or in the j stability valley are expected to be synthesized
originally by the s process where the neutron-capture time scale is slower than that for
B decay [13]. One of the crucial topics for s-process study is the s-process branching (or
branch-point nucleus) for which the neutron capture and B decay have a similar time scale
approximately and compete with each other, affecting the s-process abundance distribution
or local abundance ratio [13]. ®®*Ni is one of the s-process branchings, and the corresponding
B decay rates under stellar conditions are then much desired.

In this work, we perform PSM calculations for stellar 5~ decay rates for the first time
by taking B~ decay from %Co to ®*Ni in a presupernova-collapse condition with high
density and high temperature and 8~ decay from ®*Ni to ®*Cu in the s-process conditions
as first examples. The paper is organized as follows. In Section 2, we briefly introduce the
formalism for calculation of B~ decay rates in astrophysical environments based on the
PSM. In Section 3, we provide level schemes of 63Co, 3Ni, and %3Cu, as well as their stellar
B~ decay rates. Finally, we summarized our work in Section 4.

2. Theoretical Framework

Although nuclear isomers are expected to play crucial roles in stellar weak-interaction
processes in some cases [57], here, we follow the assumption that parent nuclei are in a



Symmetry 2023, 15, 315

30f13

thermal equilibrium with occupation probability for excited states following the Boltzmann
distribution. Following the FFN work [5-8], stellar 3~ decay rates read as,

K L @i+ 1e “E/ (ks T)
G(Z,A,T)

- 1n2

fq)lf ’ (1)

where the constant K can be determined from the superallowed Fermi transition and

K = 6146 £ 65 [58] is adopted in this work. The summations in Equation (1) run over

initial (i) and final (f) states of parent and daughter nuclei, respectively (with angular

momenta J;, J; and excitation energies E;, E). kp represents the Boltzmann constant while

T is the environment temperature. G(Z,A,T) = Y,;(2]; + 1)exp(—E;/(kgT)) is the
p

partition function of the parent nuclei. ®; s the phase space integral given as,

d)ﬁgf - /1Qif“’P(Qif—w)2F(Z+1,w)(1—Se(w))(l—SV(Qif—w>)d“’ )

where w and p = Vw? — 1 label the total energy (rest mass and kinetic energy) and the
momentum of the electron in units of m.c? and m,c, respectively. The available total energy
of a one-to-one B~ transition is given by,

1
Mec?

Qif = (Mp — My +E; — Ef) ®3)
where M), (M) indicates the nuclear mass of parent (daughter) nucleus. In Equation (2), S,

is the electron distribution function following the Fermi-Dirac distribution as,

1
S = 4
(@) = ol ) T 4 T @
in which the chemical potential, y,, is determined from the relation,
1 MeC\3 [ 5
pYe = W(T) /0 (Se — Sp)pdp )

here, N4 represents Avogadro’s number, and pY, represents the electron density. Note
that one can obtain the positron distribution S, by the replacement i, = — .. The
(anti-)neutrino distribution function S, in Equation (2) is adopted as S, = 0 as usual [18].
The Fermi function F(Z + 1, w) in Equation (2) that reveals the distribution of the electron
wave function near the nucleus can be found in Refs. [5,18] with Z being the proton number
of the decaying (parent) nucleus.

The last part of Equation (1), Bjf, is the reduced transition probability of the one-to-one
nuclear 3~ transition. In the present work, we only consider GT contributions, following
Refs. [22,38],

|| ookt e’

ga)? ¢
Bif = B(GT");f = (gV)eff 11 , (6)

where the matrix element is reduced with respect to the Pauli spin operator ¢, while _ is
the isospin lowering operator which changes a neutron into a proton as for §~ decay and the
sum run over all nucleons. The nuclear many-body wave function, ¥}, represents the n-th
eigen-state for angular momentum | and the index i (f) is for the parent (daughter) nucleus.
(847/8Vv)eft is the effective ratio of axial and vector coupling constants with corresponding
quenching of the GT strength [59,60]

84 _ 8A
(gV ) off fquench (gV )bare (7)
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where (§4/8v )bare = — 1.2599(25) [58] or = —1.27641(45) [61], and fquench is the quench-
ing factor for which fquencn = 0.75 is adopted in this work.

From Equation (1) to Equation (7), as the electron chemical potential can be determined
with given stellar temperature and electron density by Equation (5), it is seen that the only
important part that one needs to consider so far is the reduced probability of nuclear
transitions. The calculation of B(GT ™ );¢ in Equation (6) is not easy, for which the nuclear
many-body wave functions in the laboratory frame with good angular momentum and
parity should be prepared as the GT operator has a strong selection rule. In the present
work, we follow Refs. [17,44—46] and apply the PSM method to calculate GT transition
strengths among odd-mass nuclei.

Different from the conventional shell model which constructs the configurations in a
large spherical harmonic basis, the projected shell model begins with the deformed Nilsson
single particle basis [62], with pairing correlations incorporated [41] into the basis by a
BCS calculation for the Nilsson states. Therefore, the Nilsson-BCS calculation defines a
deformed quasiparticle (qp) basis and describes nuclei in the intrinsic frame. Such a picture
provides an efficient way to avoid the problem of dimension explosion while treating
the heavier shells, as different-order of qp configurations in large model space can be
constructed with a clearly physical pattern for dimension truncations. For odd-neutron
nuclei, the configurations in PSM are written as,

{allp(e)), al,al ol |p(e)), afa% ok |¢(e)
aay a5, nmlsb e)...} ®)

and for odd-proton nuclei,

{al,|¢p(e), alak.ak |¢(e)), ok al al |9 (e))
ik ot ot 4 Ai,,,|</>< )} )

where |¢(e)) labels the gp vacuum associated with the intrinsic deformation ¢, and 4} (a%,)
labels the neutron (proton) qp creation operator. In this work, we choose four spherical
harmonic oscillator major shells (N = 2,3,4,5) to establish the model space for calculating
the B~ decay process for ¢3Co-*3Ni-93Cu.

The symmetries that are broken in the intrinsic frame can be restored by exact projec-
tion techniques [63]. The angular momentum (and if necessary, also particle number and
parity) projection is performed on the qp basis to form a many-body basis in the laboratory
frame. The angular momentum projection operator is written as,

A 2 +1 f A
Bl = é; / 40D, (Q)R(Q) (10)

where R and DZI\AK (with Euler angle Q) [64]) are the rotation operator and Wingner D-
function, respectively. The nuclear many-body wave function in the laboratory frame can
then be expressed as,

¥ = Y e Pliclon(e) (11)
Kk

where |, (€)) represents the gp configurations given in Equations (8) and (9). The expansion
coefficients Fjj, can be obtained by solving the Hill-Wheeler-Griffin equation in PSM,
where a separable two-body GT force is included explicitly in the original PSM Hamiltonian
(the details of the PSM for GT transition can be found in Ref. [44]).
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3. Results and Discussions
3.1. Level Scheme

In Figure 1, we show the calculated energy level for the three nuclei (**Co with Z = 27,
N =36, BNi with Z =28, N = 35, and ®3Cu with Z =29, N = 34) and compared it with
available data on the NNDC website [65]. The intrinsic quadrupole and hexadecapole
deformation (e and &4) in Equations (8) and (9) are adopted following Ref. [66] from which
€2 ~ 0.12 for the three involved nuclei. It is seen from Figure 1 that for both ®*Co and
63Cu, the ground states are well reproduced with reasonable angular momentum and
parity. The gap between the ground states and the first excited states for ®3Co and ®Cu is
well described, indicating that the Z = 28 shell gap originating from the 7tf;,, orbital is
reproduced reasonably. For ®*Ni, the neutron Fermi surface locates in a high single-particle
level density region caused by the vps3 /5, f5/2, p1,/2 orbitals. Some low-lying states are found
experimentally to be near the ground state within about 200 keV excitation energy. The
calculations reproduce these low-lying states while giving inapposite angular momentum
and parity for the ground states. For the ground state and low-lying states of N, it is
noted that the calculations by the conventional shell model with the jj44b interaction give
the same results as our PSM, the calculations with the JUN45 interaction can reproduce the
angular momentum and parity of the ground state, while the calculated excitation energies
for low-lying states are much higher than the data [67].

theo exp theo exp theo exp
3+ 3/ |
9=,
12—, 1
; 52—
- 72—
512 VR
[} AT — 72 N
307\ 2
2 72k 72 W —— (512,72 i
— 9% =% (112,372
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= S =) R0y 1
O =—\5/27/2) \ LY
[w] | 972y ) SR
e8) 1F — o2 — 55/2)' m
3 — 32—, 2 — s/
—1n
— 3
[ — 302
0 , 5T 52 ] )
o 3 —" " — r—— 32
63 63NT; 63
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Figure 1. Calculated energy levels for 63C0-03Ni-%3Cu as compared with experimental data [65].

As will be seen later, the ground states and low-lying states of parent nuclei play
important roles in stellar S-decay rates calculations. Here, we represent the detailed
configuration information of corresponding wave functions for the three involved nuclei;
only the main configurations are mentioned as strong configuration mixing exists in most
wave functions. For the ground state of ®3Co, it is described as 38% 717/2~[303] with 27%
715/2~[312] (the Nilsson notation [62]) originating from the 7f7/, orbital as well as the
strong mixing of many 3qp configurations. For ®Ni, the ground state and two low-lying
states with ™ = 3/27,5/27, and 1/2~ are mainly constructed by 66% v3/27[312]
with 17% v1/27[321], 31% v1/27[310] and 31% v3/2[301] with 27% v5/27[303], and
28% v1/2~[310] with 50% v1/27[301] respectively, originating from the vpy /2, f5,2, P32
orbitals, and mixing with 3qp configurations. The ground state of 3Cu is described by 18%
7t 1/27[321] with 44% 7t 3/27[312] (p3,, orbital).



Symmetry 2023, 15, 315

6 of 13

3.2. B~ Decay from ®3Co to ®*Ni

The core collapse of a massive star happens usually with much high temperature
and density, and ®*Co is one of the most important f-decaying nuclei in a presupernova
collapse [18]. Thus, here, we study the stellar 8~ decay rates of ®3Co for a stellar temperature
range between 1 and 10 GK with different electron densities pY, (107,10%,10%, and 101, in
mol/ cm3).

In Figure 2a,b, we first show the calculated B(GT™) distribution (blue) from the ground
state (J© = 7/27) and the first excited state (J7 = 3/27) of ®3Co to all related states of
3Ni below Qp = 3672 keV as a function of the excitation energy for the daughter nucleus
E,, respectively, and compared them with available experimental data (red) [65]. It can be
seen from Figure 2a that the B(GT ™) from the ground state of the parent to the daughter
nucleus was described well compared with the data. The B(GT™) ~ 0.1 from the ground
state of ®3Co to the low-lying 5/2~ state of ®*Ni at E; ~ 100 keV is well reproduced. The
B(GT™) values from ground state to states with higher E, is also described reasonably,
where a shift of E, toward higher excitation energy is found. This is caused by the fact that
the calculated 5/27,7/2~,9/2 states of ®*Ni by our PSM are about 0.5 MeV higher than
the corresponding experimental levels, as can be seen from Figure 1.

E T T e N L L
10° . (a) g.s. Co — ™Ni o 1
5 I 5
10'F & o ]
: 7 '3
@) 107 3 .
= 10'3é' 1
5 I 5
10 3 .
107 H——— 4 T PR
10° | (b) 3/2" excited * Exp J
o PSM
— s ° o o.!
= 5 o :
QO 107 F X ;
[aa F 3
103 3 .
10 k T ]
107 i PN [N | || - T L1 ;

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
E, [MeV]

Figure 2. The calculated (blue) and experimental (red) [65] B(GT™) distribution from the ground
state (g.s., as in panel (a)) of 63Co, as well as from the first excited state (J = 3/2~, as in panel (b)) of
83Co, to all related states of “*Ni below the Q value Qg- = 3672 keV [65].

In Figure 2b, it can be seen that with the first excited state of BCowith J© = 3/27, the
low-lying 1/27,3/2 states of 63Nji can now be connected by GT transitions. The predicted
two B(GT ™) values are about 0.02, while the predicted B(GT ™) value to the low-lying 5/2~
is as small as about 104, which is much smaller than the case of the ground state of ®*Co.
In addition, B(GT ™) distribution from the excited state is more diffuse than the case of the
ground state, as shown in Figure 2a. These results may affect the corresponding stellar
B~ rates at higher temperature when the excited states of parent nuclei can be thermally
populated and contribute to the stellar S~ rates.

Figure 3 shows the calculated stellar B~ decay rates from %*Co to ®*Ni at different
temperature and densities, which are compared with the corresponding calculations from
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the conventional shell model by Langanke and Martinez-Pinedo (LMP) [18]. It should
be noted that in the latter calculations, experimental data for energies and GT strengths
are adopted whenever available (see Ref. [18] for details). For comparison, available
data for energies and GT strengths are adopted in the calculations by the PSM as well.
For large density pY, = 10' mol/cm3, the electron chemical potential y, is as high as
about 10 MeV, so that only transitions to the ground state or relatively low-lying states of
%3Ni can contribute to the stellar B~ decay rates. In this case, at low temperature Ty, the
parent nucleus %Co stays basically in its ground state, and the resulting 8~ decay rates are
negligible as seen from Figure 3d, owing to the fact that the ground-state-to-ground-state
transition is forbidden. With increasing temperature, the transitions among excited states
of parent and daughter nuclei begin to contribute, and the resulting B~ decay rates are
found to increase rapidly with Ty. Our calculations give very similar 5~ decay rates as the
LMP results at low temperature, as seen from Figure 3d, as both methods adopted available
data. While for cases of high temperature, when many excited states of the parent nucleus
contribute, the PSM results are found to be smaller than the LMP results.

2 — T T M L | 2 — T T T T 1
[ [@pY 10" 80 5 ONj| T [ ) pYS10° A
- 0 - -
- _1 - -

2- _.-0*"4-._.
- _3 - -

I 1 1 1 1 1

0 T T T T T

120k LMP
11 - = - PSM+Exp-

0 2 4 6 8 10

Figure 3. The stellar 8~ -decay rates from %*Co to ®*Ni as a function of the stellar temperature Ty (in
GK) for densities pY, = 107,108, 10%, and 10!° mol/cm3. Calculations by the PSM with available data
adopted (red dashed with symbols) are shown and compared with the results from the conventional
shell model [18] (black solid).

When the density decreases, for pY, = 107,108,10” mol/cm3, the i, decreases as well
(e = 1.2 MeV for pY, = 107 mol/cm?). In these cases, GT transitions to many excited
states of the daughter nucleus would contribute to the stellar 5~ decay rates as well, and the
corresponding B~ decay rates increase with decreasing pY,, as seen from Figure 3a—c. The
PSM calculations provide smaller 8~ decay rates than the shell-model results of LMP by
about one order of magnitude at high temperature when the thermal population of excited
states of the parent nucleus is possible. This indicates that the B(GT ™) values from the
3/2~ and many other excited state of ®*Co from PSM calculations should be smaller than
those of shell-model calculations of LMP. As %3Co is one of the most important f-decaying
nuclei in a presupernova collapse [18], a systematical study of stellar 3~ decay rates in this
mass region is planned as future works for understanding the possible effects of our PSM
calculations on core-collapse supernova.



Symmetry 2023, 15, 315

8of 13

3.3. B~ Decay from ®3Ni to %3Cu

As one of the branch-point nuclei in the s process, reliable stellar 5~ decay rates and
the neutron capture cross-section for ®*Ni are much desired [68]. Depending on the neutron
density and temperature of the s process, ®*Ni can either 3~ decay to ®*Cu or capture
neutrons to synthesize ®/Ni. Reliable stellar = decay rates of ®*Ni are then crucial for
understanding of the branching ratio, the abundances of Cu isotopes, etc. Here, we focus
on B~ decay rates calculations in s-process environments with temperature range from 0.1
to 1 GK. Since the Q value for B~ decay of ®*Ni is as small as 67 keV, we show in Figure 4
the decay scheme instead of the GT strength distributions. In Figure 4, the excitation
energies (keV), |, logft values, and Q - values are taken from Ref. [65]. We supplement
data with theoretical log ft values (in parentheses) calculated from PSM. Under terrestrial
condition, the parent nucleus ®*Ni stays in its ground state with ] = 1/2~, which can only
decay to the ground state of the daughter nucleus **Cu due to the small Q - value. The
corresponding log ft value was measured to be 6.70, which is described reasonably by our
PSM calculations, which give logft = 6.36.

log f't

(5/2) ————————1069.0
|- ————1000.1

1/2" — 669.9
3/ —————517.6
3/27 =—155.6
52— 87.2
1/27 =—0.0
3/ —— 0.0
Q(B)=67 keV
®Ni SCu

Figure 4. The decay scheme for B~ decay from ®*Ni and ®3Cu that is crucial in the stellar environment.
Nuclear low-lying states for both parent and daughter nuclei and individual transitions between
them are shown, where the angular-momentum-—parity assignment |7, excitation energy (in keV),
Q-value (in keV) and logft for allowed GT transition are taken from the data [65] when available and
supplemented by PSM calculations (in parenthesis for logft). The levels and transitions displayed in
red play crucial roles in stellar environments.

In s-process environments, the stellar temperature can be as high as 1 GK and beyond
so that the two low-lying states of ®*Ni (with excitation energy 87.2 keV and 155.6 keV,
respectively, see Figure 4) can be easily populated thermally with large probabilities.
Transitions from these low-lying states can hardly be touched experimentally so far, and
the corresponding logft values are predicted by our PSM calculations to be about 5.7,
as displayed in red in Figure 4, which is much stronger than the transition from the
Ni ground state. This should be caused by the different configuration mixing in wave
functions of the low-lying and ground states, as discussed in the context of Figure 1. In the
following, we study the effect of such thermal population of low-lying states on the stellar
B~ decay rates.
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With the nuclear properties shown in Figure 4, a full calculation for the stellar f~
decay rates for the ®*Ni — ®3Cu case in s-process environments (with temperature from
1 to 10 in 108 K, electron density pY, from 10? to 10° in mol/cm?® ) can be performed by
Equation (1). The corresponding results are plotted in Figure 5 where the first ten levels
with excitation energies less than 1.451 MeV are considered in calculations. To illustrate the
effects of excited states of the parent nucleus, we also compare these full calculations with
the unrealistic cases where only ground-state-to-ground-state transition is considered (i.e.,
setting B(GT");s = 0 unless fori = f = 1lin Equation (1)). These unrealistic results are
also shown in Figure 5 (labeled by ‘g.s.”) for comparison. The electron chemical potential
Je is similar in the four electron density cases (y. ~ 0.5 MeV), which is larger than the Q-
value. Therefore, the transition between ground states contributes mainly to the decay rates
at low temperature. With the increase of temperature, the stellar population probability
of the ®*Ni ground state decreases, leading to decreasing unrealistic decay rates with the
temperature, as seen from the lines with symbols in Figure 5.

_75 v 1 T 1 T 1 1 1 1 v 1 1 1 1
-------------------
-8.0F E
85 S oo .
o
T 90F ——pY =107 gs.
I_' - —103 |
ok pY =10" g.s.
< -95F ——pY=10% gs. ]
=
03 —O—pYe=105 gs. ]
9 -10.0F -
-10.5 F -
-11.0F -
1 M 1 M 1 M 1 M 1 M 1 M 1 M 1 M 1 M 1

0 . 1 2 3 4 5 6 7 8 9 10 . 11
Temperature [10% K]

Figure 5. The calculated 8~ decay rates for the ®*Ni — 93Cu case in stellar environments with
different density pY, (in mol/ cm®) and temperature (in 108 K). Calculations with (realistic) and
without (unrealistic, with symbols) the contributions of excited parent-nucleus states are shown
for comparison.

When contributions from the low-lying states of the parent nucleus *Ni (see levels
in red in Figure 4) to the decay rates are taken into account in the full calculations, as the
stellar population probabilities of the low-lying states increase with the temperature, on one
hand, the practical Q;s values increase dramatically from 67 keV to 67 + 87.2 = 154.2 keV
and 67 4 155.6 = 222.6 keV; on the other hand, the GT transitions from low-lying states are
predicted to be about one order of magnitude stronger than the transition between ground
states, as can be seen in Figure 4. Both mechanisms tend to increase the corresponding
stellar B~ decay rates, and the resulting decay rates at 1 GK temperature and beyond turn
out to be more than two orders of magnitude larger than the one under terrestrial condition.

4. Summary

To summarize, stellar B~ decay rates are crucial nuclear inputs for understanding
many astrophysical processes, such as the core-collapse supernovae, the origin of elements
heavier than iron by the s, r and rp processes, etc. In stellar environments with high
temperature and density, parent nuclei have large probabilities to be thermally populated
in their excited states, which would enhance significantly the corresponding stellar -
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decay rates accordingly. In this work, we focus on the stellar 8~ decay rates of nickel region
nuclei by taking %3Co, *Nji, and ®*Cu as examples. Following the FFN formalism with the
assumption of thermal equilibrium as well as applying the projected shell model for the
description of nuclear many-body wave functions and GT transitions, the stellar f~ decay
rates of ®*Co and ®Ni are calculated and analyzed. For 8~ decay from %Co to ®3Ni, which
is important in a presupernova collapse, we found that the decay rates are sensitive to stellar
temperature at higher electron densities but not obviously dependent on the temperature
at relatively lower densities. When compared with the results of a conventional shell model
by LMP, our calculations give lower decay rates within one order of magnitude. For the
s-process branching ®*Ni, to discuss the effects of excited nuclear states, we calculate the
B~ decay rates in different cases and compare them with the unrealistic one in which only
ground-state-to-ground-state transition is considered. It is found that in the s-process, the
decay rates enhance dramatically when contributions from excited parent-nucleus states
are taken into account, which increase by more than two orders of magnitude at 1 GK
temperature and beyond.

The effects of the thermally populated excited states of parent nuclei on corresponding
stellar weak-interaction process rates depend on detailed nuclear structure and are a crucial
topic for many astrophysical phenomena. The topic is worth studying by many nuclear-
structure approaches, and systematic research by our projected shell model is planned as
future works.
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