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Evaluation of electron capture reaction rates in Ni isotopes in stellar environments
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Electron capture rates in Ni isotopes are studied in stellar environments, that is, at high densities and high
temperatures during the core-collapse and postbounce explosive nucleosynthesis in supernovae. Reaction rates
in 3®Ni and ®Ni, as well as in Ni, ®Ni, and ®Ni, are evaluated by shell-model calculations with the use of
a new shell-model Hamiltonian in the fp shell, GXPF1J. While the previous shell-model calculations failed
to reproduce the measured peaks of Gamow-Teller strength in **Ni and %Ni, the present new Hamiltonian is
found to reproduce them very well, as well as the capture rates obtained from the observed strengths. Strengths
and energies of the Gamow-Teller transitions in *°Ni, ®’Ni, and ®Ni are also found to be consistent with the

observations.

DOLI: 10.1103/PhysRevC.83.044619

I. INTRODUCTION

Electron capture reactions play a critical role in determining
the electron-to-baryon ratio Y,, namely, the fraction of protons
in the protoneutron star, and also the core entropy at the final
stage of collapsing supernovae. Frequent electron captures act
to reduce leptonic pressure and also accelerate generation of
neutrinos which carry away both internal energy and entropy
from the core. Electron captures are suggested to eventually
affect the size of the emergent homologous core and even the
iron core. Y, is also one of the important initial conditions
for incomplete silicon burning during postbounce explosive
nucleosynthesis. The abundance of elements produced in
supernovae is sensitive to the value of Y,. It is, therefore,
important to evaluate the electron capture rates at high densities
and high temperatures very accurately.

Electron capture reactions were studied in Ref. [1] (here-
after referred to as FFN), and capture rates were obtained
based on a simple shell model as well as using available
experimental Gamow-Teller (GT) strengths. Evaluations of the
reaction rates have been improved by large-scale shell-model
calculations [2]. The method by FFN overestimates the capture
rates of the shell-model calculations in many cases [2—4].
Capture rates in fp-shell nuclei are obtained by shell-model
calculations with the use of KB3 Hamiltonians [5], and they
are tabulated for a wide range of nuclei [4].

Using a (d, ’He) reaction, GT, strength [see Eq. (1)]
distribution in ®Ni was measured, and electron capture rates
obtained from the measured GT. strength were compared
with the rates obtained by large-scale shell-model (LSSM)
calculations [6]. The calculated rates obtained by using
the KB3G Hamiltonian [7] were found to be improved as
compared with those obtained by the KBF Hamiltonian [8].
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The GT, strength in ®Ni was also measured by a (n,p)
reaction and the electron capture rates obtained from the
observed GT strengths were compared with those by LSSM
calculations with the use of the KBF [9]. As this interaction
fails to produce the observed peak of the GT, strength at
E, = 0.65 MeV, the capture rates of the LSSM calculations
underestimate the experimental values significantly at lower
temperature.

Here, we use a new shell-model Hamiltonian for the fp
shell, GXPF1J [10], in order to improve this defect, and
newly evaluate the capture rates by shell-model calculations.
The KB3G, the most recent version of the KB3’s, is also
used.

In the next section, we explain how the new Hamiltonian
GXPF1J was constructed. The GXPF1J is shown to reproduce
well the magnetic dipole (M1) and GT transitions in fp-shell
nuclei. In Sec. I11, electron capture reaction rates in Ni isotopes
are evaluated by shell-model calculations with the use of
GXPF1J at high densities and temperatures. A summary is
given in Sec. IV.

II. NEW HAMILTONIAN GXPF1]J

The GXPF1J Hamiltonian was defined by applying two
modifications to the original GXPF1 Hamiltonian [11]. The
GXPF1 was obtained by fitting to 699 experimental energy
data of fp-shell nuclei in a wide range of mass numbers, A =
47-66. The *°Ni nucleus is found to be a soft core with 69%
(0f72)'® configurations. Energy levels of the 2 states and
B(E2;0;, — 2{)values of fp-shell nuclei are systematically
well explained by GXPF1. The Hamiltonian is also successful
in describing the spin-dependent transitions in fp-shell nuclei.
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TABLE I. Calculated energy of the peak position of the M1
strength and the B(M1) value in **Ca. The fraction of the strength of
the 17 state is denoted in the parentheses. Experimental values [13]
are also given.

Hamiltonian E,. (MeV) B(ML1) (%) (ratio to total strength)
GXPF1 10.95 9.5 (88%)

GXPFI1A 10.90 9.0 (83%)

GXPF1J 10.22 10.1 (93%)

KBF 9.27 7.3 (83%)

KB3G 9.21 and 9.37 4.3 (48%) and 4.3 (48%)
EXP. [13] 10.23 3.9+0.3 (74 £ 14%)

The first modification was made to improve the description
of new experimental data of neutron-rich Ca, Ti, and Cr
isotopes with N > 32, which were not included in the fit. We
modified five two-body matrix elements with isospin 1: The
monopole pairing strength was made less attractive for the
f7/2—f7/2, f5/2—p1/2, and P1/2-P1)2 orbits, and the quadrupole-
quadrupole interaction was made more attractive for the
f5/2-p1/2 orbits. The resultant Hamiltonian was GXPF1A [12].
The second modification, which defines GXPF1J [10], was
adopted in order to reproduce the peak position of the Ml
strength in **Ca. Experimentally, most of the M1 strength is
concentrated on one state at 10.23 MeV [13], while GXPF1A
predicts such a state at 10.90 MeV. We multiplied the multipole
part of the diagonal two-body matrix elements with isospin 1
for the f7/2-f5/2 orbits by a common factor 0.7. Calculated
energies and B(M1) strengths of the 17 state which exhausts
most of the total M1 strength in *3Ca are shown in Table I
for various Hamiltonians. The experimental B(M1) strength
39+ O.SM%,, which exhausts 74 &= 14% of the total strength
5.3 4+0.6u% [13], is reproduced with the quenching of the
spin g factor, g*/g, = 0.62 £ 0.02 for GXPF1J. The KBF
and KB3G give energies for the 1 state ~1 MeV below the
experimental one. The M1 strength is split into two states in
the case of KB3G.

The M1 transition strengths in °Ti, 32Cr, and *Fe are
reproduced for GXPF1J with the quenching of the spin g
factor, g;"ff/ gs = 0.75 £ 0.02 [14]. The Gamow-Teller (GT_)
transition strength in ¥Ni (*Ni —>%Cu) is also found to
be well reproduced with the use of the quenching of the
axial-vector coupling constant, f, = giff/ ga =0.74 [5,15],
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as shown in Fig. 5 of Ref. [10]. Here,
1
2J; +1

B(GTy) = ANY fowneld P ()
k

wheret, |p) = |n),t_|n) = |p), and f is the quenching factor,
which will be taken to be 0.74 hereafter.

Total GT. strengths and centroid energies of the GT,
strengths obtained by various Hamiltonians are shown in
Table II for Ni isotopes. Total GT, strengths are more or
less similar for various Hamiltonians and rather close to the
experimental values. On the other hand, the centroid energies
are higher for GXPF1’s compared to KB’s, which means
that the strengths are generally more fragmented and have
more components in higher excitation energies in the case of
GXPF1’s. This feature is clearly seen for 56N, 58Ni, and °Ni
in Sec. III. We will use GXPF1J for the evaluation of the
electron capture rates in Sec. III. The KB3G is also used for
comparison.

III. ELECTRON CAPTURE REACTION RATES
IN NI ISOTOPES

A. %Ni and *'Ni

Shell-model calculations are carried out by using the code
MSHELL [16], allowing at most five nucleons to be excited
from the 0 f7/, orbit into the upper orbits. The GT strength
distributions are obtained by following the prescription of
Ref. [17]. Calculated GT, strengths in *Ni and °°Ni by
GXPF1]J are shown in Figs. 1 and 2, respectively. The summed
values of B(GT.) up to excitation energies of the daughter
nuclei at E, are also shown. Experimental GT. strengths are
available both for >*Ni [6] and °°Ni [9]. The observed summed
B(GT.) values are also given in these figures.

The strengths for GXPF1J are found to be more fragmented
with remaining tails at £, > 6 MeV as compared to those for
KB3G. In Ni, a large peak of the strength is observed at
E, = 1.868 MeV [6]. The position of the peak is reproduced
by KB3G, but the magnitude of the strength is larger by
about twice [see Fig. 1(b)]. The experimental summed B(GT,.)
values at £, < 4 MeV are rather well described by GXPF11J, as
shown in Fig. 1(b). In ®*Ni, both the position and the magnitude
of the first peak of the experimental GT, strength at E, =
0.65 MeV are well reproduced by GXPF11J (see Fig. 2). The
KB3G predicts the first peak with larger strength at a higher

TABLE II. Total GT.. strengths [denoted as ¥ B(GT,)] and centroid energies of the strengths (denoted as E,) for 3¢>%60.:62.64Nj obtained
by various Hamiltonians, GXPF1’s and KB’s, with the universal quenching factor f, = 0.74. Experimental total strength values are taken from

Ref. [19].
Nucleus Y B(GT,) (E,)

GXPF1 GXPF1A GXPF1J KBF KB3G EXP.
SONj 6.2 (5.2) 6.2 (5.2) 6.2 (5.0) 5344 5.4 (3.7)
BN 47 (4.2) 47 (4.3) 47 (4.1) 42 (3.7) 40 (2.9) 38404
SONj 3.4 (3.0 34 (3.1) 3.4 (2.8) 3.1(2.7) 2.8(12.4) 3.1+0.1
©2Nj 2.0 (1.8) 1.9 (2.0) 1.9 (1.8) 2.0 (1.7) 2.0 (1.5) 2.540.1
%4Ni 1.0 (0.8) 0.9 (0.9) 0.9 (0.8) 1.2 (0.5) 1.1 (0.5) 1.7+£0.2
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FIG. 1. (Color online) (a) GT strength for >*Ni — 3¥Co obtained
by the shell-model calculation with the use of GXPF1J. (b) Sum of
the GT strengths up to excitation energies of **Co, E,, obtained for
GXPF1J, KB3G, as well as the experimental data [6].

excitation energy as compared to the observation. The strength
at low energy, E, < 2 MeV, is well described by GXPF1J.

Now, we evaluate the electron capture rates at high
densities, pY, = 107-10° g/cm?, and high temperatures, T =
To x 10° K with Ty = 1-10. The capture rates are calculated
by

In2 B(GT:
6146(s)Z Z( i~ 5

o0
x / wp(Qij + 0’ F(Z, w)Se(w)dw,
Qif = (Mpc® — Myc® + E; — Ef)/m,c?,

Wi = 2Ji + De 5513 "2+ De 54T ()

where w and p are the electron energy and momentum in units
of mec?, M » and M, are the nuclear mass of parent and daugh-
ter nuclei, respectively, and E;, E ; are excitation energies of

TABLE III. Electron chemical potential i, (in units of MeV) at high densities, pY, = 107-10'° g/cm?,
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FIG. 2. (Color online) The same as in Fig. 1 for ®°Ni. The
experimental B(GT) data are taken from Ref. [9].

the initial and final states. F'(Z, w) is the Fermi function, and
S.(w) is the Fermi-Dirac distribution for electrons where the
chemical potential p, is determined from the density pY, by

1 moe\> [
- S, — S,)p*dp,
7T2NA(h ) /0 ( PP dp

where N, is the Avogadro number and S, is the Fermi-Dirac
distribution for positrons with the chemical potential
Wy = —e. The values of the chemical potential for electrons
are shown in Table III. It can become as large as 5-10 MeV at
high densities p¥, = 10°-10'° g/cm?. It slightly decreases as
the temperature increases. The reaction rates become larger at
higher densities because of the large chemical potential. On
the contrary, when the chemical potential gets smaller than
the threshold energy of the electron capture reaction, — Q¢ in
Eq. (2), at low densities, the reaction rates vanish in the limit
of zero temperature, T — 0 K.

Since it is sometimes important to include GT transitions
from thermally populated excited states [1,18] in stellar
interiors, we include transitions from the excited states of
the parent nucleus in addition to the ground state with the

pY, = 3)

and high temperatures, T =

T9 X 109
pY. (g/cm’) T

1 2 3 4 5 6 7 8 9 10
107 1.200 1.133 1.021 0.870 0.698 0.534 0.404 0.310 0.244 0.196
108 2.437 2.406 2355 2.283 2.192 2.081 1.952 1.808 1.653 1.493
10° 5.176 5.162 5.138 5.105 5.062 5.010 4.948 4.877 4.797 4.708
101 11.116 11.109 11.098 11.083 11.063 11.039 11.011 10.978 10.940 10.898
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partition function W;. When we consider transitions only from
the ground state of the parent nucleus, the weight factor W; is
equal to 1.

When temperature becomes high and excitation energies
of excited states of the parent nucleus are low, the nucleus
can be thermally excited and the population of the excited
states can be large. In such a case, the transitions from the
excited states can give important contributions to the capture
rates.

Calculated electron capture rates in **Ni and °*Ni are shown
in Fig. 3. Results calculated by GXPF1J and KB3G, which
include only the contributions from the transitions from the
ground states of the parent nuclei, are compared with those
obtained from the experimental B(GT. ) values [6,9].

As the first excited states in 3Ni and ®*Ni are 2% states
above E, =1 MeV, the effects of the transitions from
thermally excited 2] state are expected to be insignificant
for the temperature considered here, T = 10°-10'0 K~0.1-
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FIG. 3. (Color online) (a) Calculated electron capture rates on
8Ni obtained by shell-model calculations with the use of GXPF1J
(solid curves) and KB3G (dashed curves). The short-dashed curves
are obtained by using the experimental B(GT) values [6]. These
curves include the contributions from the GT transitions from the
ground state of ®Ni only. Dotted points are obtained for GXPF1J by
including the GT transitions from the 2 state of 38Ni. (b) The same
as in (a) for *Ni. The experimental B(GT) values of Ref. [9] are
used.
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1 MeV. Contributions from the transitions from the 2]
states are evaluated in order to see if this conjecture is
correct. In the case of GXPF1J, calculated rates which further
include contributions from the 2| states at E, = 1.4545 and
1.3325 MeV for 3Ni and ®Ni, respectively, are also shown
by dotted points.

In 8Ni, the calculated capture rates for GXPF1J are
suppressed as compared to those for KB3G except for pY, =
107-10% g/cm? at low temperatures. As the GT strength is
more fragmented and has a remaining tail in the high-energy
region for GXPF1]J as we see from Fig. 1(b), it is more difficult
to induce the capture reactions. In the case of pY, = 10’
108 g/cm? at Ty < 2, the GT transition to the 17 state at E, =
1.06 MeV in 3Co enhances the capture rates for GXPF1J,
leading to larger rates than the case for KB3G. The lowest
1 state in 8Co is observed at E, = 1.05 MeV. In the case of
KB3G, the IT state is located at E, = 1.36 MeV, in which case
the electron chemical potential at pY, = 107 g/cm? is smaller
than the value of —Q;y = 2.35 MeV (E; =0.0 MeV, E; =
1.36 MeV, Myc* — M,c* = 0.892 MeV, and see Table III),
and the rate decreases rapidly at low temperature and vanishes
aaT =0K.

We find that experimental capture rates are rather well
reproduced by GXPF1J both in *¥Ni and %°Ni. In particular,
for ®Ni, the agreement is excellent for GXPF1J. Note that the
observed GT strength in °Ni is reproduced well by GXPF1J.
Here, the first peak in the GT strength is important to obtain
capture rates close to the experimental ones. In the case of
KB3G, deviations from experimental capture rates in ®°Ni are
within a factor of 3 at Ty > 3—4.

The contributions from the excited 2, states to the capture
rates are insignificant except for ®Ni at pY, = 107 and
108 g/cm?. This is due to a relatively large negative Q, value
for °ONj (Qge = —3.335 MeV) as compared to the case for
BNi (Qge = —0.892 MeV). Here, Qgp = Qif X mec? with
E; = Ef =0.0 MeV in Eq. (2), that is, the initial and final
states are ground states. As the transition from the ground
state of ®Ni is hard because of the large negative Q,, value,
the inclusion of the transition from the 2] state can affect the
total transition strength and increase the capture rate.

In Ref. [4], capture rates are given for several limited cases
of densities and temperatures. The cases for pY, = 107 g/cm?
at Ty = 1, 3, and 10 can be compared with the present results.
The capture rates in the table are generally better than KB3G’s.
Note that experimental energies and strengths [19] are adopted
in the table [4] when they are available.

We compare how much the capture rates can differ among
the three GXPF1’s. The calculated capture rates in *Ni and
%N;i for GXPF1J, GXPF1, and GXPFIA are shown in Fig. 4.
As there is no significant difference in the GT strengths,
the differences of the capture rates are quite small except
for the case of lower densities (pY, = 10’-10% g/cm®) and
lower temperatures (7o < 3). In the case of %Ni, the GT
strength for the first 17 state in %°Co is smaller for GXPF1
and GXPF1A by 11% and 20%, respectively, as compared to
that for GXPF1J. However, this difference hardly affects the
capture rates because of the relatively large negative Q,, value
for the reaction on ®Ni.
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FIG. 4. (Color online) (a) Calculated electron capture rates on
3Ni obtained by shell-model calculations with the use of GXPF1J
(solid curves), GXPF1 (dashed curves), and GXPF1A (short-dashed
curves). These curves include the contributions from the GT transi-
tions from the ground state of *®Ni only. (b) The same as in (a) for
ONi.

Hereafter, we use GXPF1J among the GXPF1’s and also
KB3G for comparison for the study of electron capture rates
in other Ni isotopes, 56N, 92Ni, and **Ni.

B. *Ni

We discuss electron capture rates in *°Ni. The nucleus °Ni
is quite interesting as the GT strength distributions obtained
by GXPF1J and KB3G differ considerably [see Fig. 2(a) of
Ref. [20]]. In Ref. [20], this difference is shown to lead to the
enhancement of the branching ratio for the proton emission
channel, and the enhancement of the production yield of Mn
in population III stars through the neutrino-induced reactions,
Ni (v, v'p) ¥Co (e~, v) PFe (e~, v) >Mn. The summed
values of the B(GT,.) obtained by GXPF1J and KB3G in *°Ni
up to excitation energy E, of the daughter nucleus °Co are
shown in Fig. 5(a). As we see from Fig. 5(a), there are two
peaks in the GT distribution at E, ~ 3 and 5 MeV for GXPF1J,
while there is only a single peak at E, ~ 3 MeV for KB3G.
The summed B(GT,) values are 6.20 and 5.37 for GXPF1J
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FIG. 5. (Color online) (a) Sum of the GT strengths for 3Ni —
%Co up to excitation energies of *°Co, E., obtained for GXPF1J
and KB3G. (b) Calculated electron capture rates on °Ni obtained by
shell-model calculations with the use of GXPF1J (solid curves) and
KB3G (dashed curves). The short-dashed (dotted) curves denoted as
KB3G' (GXPF1J) are obtained by using the experimental excitation
energy and B(GT) value for the transition to the first 1" state instead
of the calculated values in the case of KB3G (GXPF1J).

and KB3G, respectively (see Table II). The GT strength is
more fragmented with non-negligible fraction of the strength
in the high-energy region for GXPF1J as compared to KB3G.

This difference gives rise to a rather large difference in
the capture rates as shown in Fig. 5(b). The capture rates for
GXPF1]J are reduced by ~30% (10%) as compared to those for
KB3G at pY¥, = 10’-10° (10'%) g/cm?, except for the case at
Ty < 3 for pY, = 107 g/cm®. When the GT strength is shifted
toward a higher-energy region, it becomes more difficult to
induce the capture reactions, which results in the suppression
of the capture rates. When the density is low and the electron
chemical potential remains small, the GT strength in the low
excitation energy region, particularly, the strength for the first
1" state at E, = 1.720 MeV, is important.

The experimental value of the strength is available,
B(GT,) = 0.153 [21]. We can use the experimental B(GT.)
value and the energy for the 1] state instead of the calculated
ones: B(GT,) = 0.081 (0.205) at E, = 1.570 (2.196) MeV
for GXPF1J (KB3G). The calculated results are shown in
Fig. 5(b) and denoted as GXPF1J' and KB3G'. The cap-
ture rates at Ty < 3 for p¥, = 107 g/cm? are considerably
(slightly) enhanced in the case of KB3G (GXPF1J). This
indicates that the energy position of the 1;” state is important.
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FIG. 6. (Color online) (a) GT strength for ®>Ni —%2Co obtained
by the shell-model calculation with the use of GXPF1J and KB3G.
(b) Calculated electron capture rates on >Ni obtained by shell-model
calculations with the use of GXPF1J (solid curves) and KB3G (dashed
curves).

In other density and temperature regions, the effects on the
rates are rather insignificant. The suppression of the capture
rates for GXPF1J as compared to KB3G remains.

C. %2Ni and *Ni

Finally, we discuss the capture rates on ®’Ni and %Ni.
Neutron-rich isotopes also play important roles in the core-
collapse processes. Calculated GT strengths in >Ni are shown
in Fig. 6(a) for GXPF1J and KB3G. The first peak of the
strength is located at a lower excitation energy region for

64, -
(b) Ni(e,
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GXPF1J than for KB3G while the total strength is smaller.
The 1* states in %2Co are observed at E, = 0.506 and
0.530 MeV, which is consistent with the calculated energy
position of the 1? state at E, = 0.568 MeV obtained by
GXPF1J. The calculated capture rates are shown in Fig. 6(b).
We find that the rates for GXPF1J are larger than those for
KB3G except for pY, = 100 g/cm®. As the Q,, value for
the reaction is large and negative, Q,, = —5.826 MeV, the
calculated capture rates are affected mostly by the position of
the first peak of the strength except for pY, = 10'° g/cm?.

Calculated GT strengths in %Ni are shown in Fig. 7(a)
for GXPF1J and KB3G. The experimental GT strength for the
ground state of %*Co can be derived from the measured half-life
of %4Co and the branching ratio for the B-decay channel,
64Co(lgs.) — 64Ni(OgS,) [22]. The experimental strength is
obtained to be B(GT,) = 0.621. This value is close to the
calculated value of B(GT,) = 0.706 for GXPF1J, but smaller
by ~33% as compared to the calculated value for KB3G,
B(GT4) = 0.926. The calculated capture rates are shown in
Fig. 7(b). The rates are smaller for GXPF1J than for KB3G
by a ratio of 0.76-0.77. This is very close to the ratio of
the GT strengths of the two Hamiltonians at E, = 0.0 MeV,
0.706/0.926 = 0.76.

In both cases of %2Ni and %*Ni, calculated capture rates
obtained by GXPF11J are very promising as the energy position
of the GT strength in °>Ni and the GT strength in **Ni obtained
by GXPF1]J are consistent with the observations.

IV. SUMMARY

In summary, we have studied electron capture reactions on
8Ni and °Ni in stellar environments at high densities and
high temperatures. Experimental GT. strengths are available
for both of the isotopes. The observed GT strengths as well as
the capture rates obtained by experimental B(GT, ) values are
found to be well reproduced, especially in ®*Ni, by shell-model
calculations with the use of the GXPF1J Hamiltonian.

We have pointed out that the capture rates in °Ni differ by
up to ~30% between the GXPF1J and the KB3G Hamiltonians
due to the large difference in the GT distributions. It would
be quite interesting to obtain experimental information on the
GT, strength in the unstable *Ni nucleus for excited 1+ states
in 3°Co.

64
v) Co

FIG. 7. (Color online) (a) The same as in
Fig. 6(a) for *Ni — ®*Co. (b) The same as in
Fig. 6(b) for %Ni.
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We have also shown that the GXPF1J reproduces well the
experimental energy position of the GT strength in °>Ni, while
in ®*Ni the experimental GT strength to the ground state of *Co
is well reproduced by GXPF1J. This suggests the validity of
the GXPF1J Hamiltonian in neutron-rich Ni isotopes.

The extension of the present work with the GXPF1J to
other isotopes is under way. In odd-odd nuclei such as Co and
Mn isotopes, the difference in the capture rates between the
FFN and the shell-model calculations with the use of KB3 is
significant [3]. The results of the investigation on Co and Mn
as well as other isotopes will be reported in a forthcoming
publication.
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