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Supernova Light Gurves
and Accelerated Decay

Eugene Chaffin*

In order to match the evidentamount of
decay that has occurred in Farth rocks,
and fit the Biblical timescale, the RATE
project emphasized an accelerated

Abstract

eutrinos and antineutrinos are emitted in great quantity in su-
Npernova explosions. In a previous paper they were linked to a
hypothetical acceleron field and the variations in this acceleron field
as the blast reached earth were investigated as a cause for accelerated
nuclear decays. In this paper, the nuclear decays, which are thought to
be primarily decays of Nickel-56 and Cobalt-56, which power the light
curves of supernovae are investigated. The half-lives and other proper-
ties of Nickel-56 and Cobalt-56 have been measured in the laboratory,
and the theory of the ground state and other levels of these nuclei are
investigated to see if they are sensitive to changes in the acceleron field.
One cannot induce stars to explode, but supernovae are often observed
in distant galaxies and their study may be used to infer what the possible
behaviors are. Nuclear theory is examined to see what the characteristics
of Ni-56 and Co-56 might be, including whether the ground states of
these nuclei have a pairing gap in their energy states. The calculations
indicate that Ni-56 has no pairing gap and the neutrons in Co-56 have
no pairing gap. There is a weak pairing gap for protons in Co-56. The
implications of this for whether accelerated decay would result for these
nuclei, and hence whether accelerated decay would be compatible with

the observed light curves if the acceleron mechanism is adopted.

decay episode, beginning early in the
year of the Genesis Flood, and tapering
off somewhere between a minimum of
about ten years and a maximum some-
what less than a thousand years after
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the Flood (Vardiman, Snelling, and
Chaffin, 2005).

In this article, we will consider some
isotopes such as Nickel-56 and Iron-
56 which are of astrophysical interest
(Rehm, 1998; Thielemann, Hashimoto
and Nomoto, 1990). They are thought
to be involved in nuclear reactions in
the interiors of stars which go supernova.
Also, they are the most important con-
tributors to the light output during early
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stages of various types of supernovae, the
“light curves” (Pinto and Woosley, 1988).

Fardon, Nelson, and Weiner (2004)
proposed that the neutrino mass could
vary with the strength of a hypotheti-
cal “acceleron field.” Chaffin (2017)
considered whether this theory, or an
adaptation of it, could enable the pas-
sage of the neutrino burst by Earth to
give a consistent picture for an acceler-
ated decay episode. In a paper submitted
to the Quarterly, some issues raised by
this scenario are considered (Chaffin,
2020). In this article, we concentrate on
a few nuclei, including Nickel-56 and
Cobalt-56, which are observed via the
light curves of supernovae.

The consideration of the contribu-
tions to supernova light curves by nu-
clear decays necessarily leads away from
pure astronomy into the field of nuclear
physics. Nuclear physics calculations,
while greatly aided by modern comput-
ing abilities, do not give exact numeri-
cal results. However, some answers are
found which we do not think would be
changed by the exact numbers. The
reasons for the numerical uncertainties
include our inability to give equations
for the forces of attraction between the
nuclear particles which are valid in all
cases, but also due to our inability to
solve some problems to exact math-
ematical precision. We are often forced,
in nuclear physics, to become familiar
with approximation techniques such
as perturbation expansions, Hartree-
Fock-Bogoliubov methods, mean field
methods, and effective field theory
(Rowe, 1970; Krane, 1987). Hence, the
reader may be led into some interesting
areas of study.

Supernova Light Curves

and Radioactive Decay

According to current, state of the art,
simulations and models, the light output
from a supernova remnant is thought to
be largely due to the energy from the
radioactive decay of *Ni (half-ife t ,

= 6.075+0.010 days, Cruz et al., 1992)
and its daughter *Co (half-life t,, =
77.08+0.08 days, Lesko et al., 1989,
Yang etal., 2018, p. 2). This expectation
has been supported by the observation
(Pinto and Woosley, 1988) of the approx-
imate 77.1-day exponential decay of the
light output from supernova 1987A, and
other observations including those of
SN 2014] in M82 by Yang et al. (2018).
Yang et al. (2018, p. 2) wrote: “The
decay chain of **Ni — **Co — *Fe
provides the main source of energy de-
position into the ejecta of Type I SNe
(Arnett, 1982).” Assuming this is factual,
one seems well advised to consider the
extent to which the half-lives of **Ni and
*Co are affected by accelerated decay.
The Nickel-56 nuclear ground state
has a spin and parity of 0%, decaying
nearly 100% of the time by electron
capture with a 6-day halflife, producing
an excited state of Cobalt-56, usually the
1+ state with 1.72 MeV excitation (Nudat
2.8 online interactive chart). This is not
a forbidden transition. The Cobalt-56
ground state is 4*, usually decaying
under laboratory conditions by electron
capture to various excited states of Iron-
56 with either 4* or 3* spin and parity.
However, there is evidence (McLaugh-
lin and Wijers, 2002; Nadyozhin, 1994)
that some fraction of the time, around
19%, Cobalt-56 undergoes beta-plus
decay instead of electron capture. In that
case, positrons are emitted. None of the
prevalent Co-56 decays are forbidden
decays, although the halflife is 77 days.
It should be pointed out that in the hot
environment of a star, the atoms may be
completely ionized, and then, there be-
ing no electrons to capture, the electron
capture gives place to beta-plus decay.
Sur et al. (1990) established a lower
limit of 2.9x10% yr for the half-life of
fully ionized **Ni nuclei in cosmic rays.
Denoting neutron number as N and
proton number as 7, the N = 7 = 2§,
doubly closed shell, nuclide **Ni is the
most abundantly produced isotope in
many supernova case scenarios (Fisker,

1999, p. §; Clayton et al., 1992, p. 155;
Thielemann et al., 1990, p. 222; Jones
etal., 2019, Table 4, p. 13). Neutral **Ni
decays to *
capture transition. Fully ionized **Ni

Co via an allowed electron

must undergo beta-plus decay with the
much longer half-life of at least 2.9x10*
years as the prevalent decay. A similar
expectation exists for **Co. Neutral **Ni
decays to the 1720-keV energy level
in *Co with a ~100% branch and a
half-life of 6.0 days. A half-life value of
6.076+0.010 days was reported by Cruz
etal. (1992).

Yang et al. (2018) observed that the
luminosity of the supernova SN 2014] in
MB82 appeared to follow, from days 200
to about 800 after the explosion, the ex-
ponential decay with an approximate 77-
day half-life, matching the **Co halflife.
This would imply that the **Co nuclei
had attracted surrounding electrons to
become a neutral atom or a least a par-
tially ionized ion which could undergo
electron capture decay. It would also im-
ply that any episode of accelerated decay
of **Co had largely passed. Otherwise,
the graph decline would not correspond
to the 77-day halfife. After 800 days one
finds a flattening of the curve, apparently
from the decline of Co-56 abundance
as it decayed and consequent rise in
importance of additional energy input
from other radioisotopes, presumably
*’Co, *T'1 and others (Suntzeff, 1992).

In the laboratory, neutral **Ni de-
cays by electron capture (Fisker et al.,
1999). The **Ni that we find is synthe-
sized in nuclear reactions in extremely
hot environments as a fully-ionized
nucleus. Fully ionized **Ni nuclei in a
low-density environment cannot decay
by the laboratory mode of electron cap-
ture, there being then no electrons to
capture, but instead can only undergo
beta-plus decay with its attendant much
longer half-life. However, the **Ni-rich
material in most astrophysical situations
rapidly expands and cools, and thus **Ni
does not remain fully ionized for long.
Hence, we find a ready explanation for
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the observed exponential decay of many
supernova light curves from 200 to 800
days after the explosion.

Using given data for luminosity ver-
sus time it is possible to find the half-life
by analyzing the graph for the linear
portion between about 150 days and
500 days (Figure 1). The graph of the
log to base ten of luminosity versus time
in days should be linear if the decline
is truly due to radioactive decay. From
the data shown in the visual magnitude
versus Julian day graph of Gehrz (1988,
Gehrz’s Figure 1) I find a trendline slope
yielding a halflife of 68.5 days. Gehrz
himself states that his data yields 72.5
days, which is very close to the laboratory
value of 77 days for the halflife of **Co.
From the graphs of Woosley and Phillips
(1988) and Woosley and Weaver (1989),
I find values of 75.2 days and 66.9 days,
respectively. Of course, these authors
were studying SN1987A, which was a
Type II supernova.

Catchpoole et al., (1988) presented
SNI1987A data of bolometric luminos-
ity versus time after 100 days. For the
linear part of the curve from 160 days
to 260 days, for four different methods

Lumosity versus Time for SN2014.J, F475W Data
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of integrating the flux distribution, the
corresponding half-lives are 76.5 days,
73.0 days, 75.6 days, and 71.9 days.
These four values are all less than the
Cobalt-56 laboratory value of 77.2 days.

Yang et al. (2018, their Figure 3),
gave some data for SN2014J, which
occurred in the galaxy numbered M§2
in the Messier numbers list. M82 is
a relatively nearby galaxy (12 million
light-years), only slightly further away
than Andromeda (2.5 million light-
years). The SN2014] supernova was
a 'Type la, and data presented include
Hubble Space Telescope data labelled
the F475W band and the F775W band.
From these data, fitted with a trendline, I
find 54.7 days and 59.0 days, respectively,
for the corresponding halflife.

Hence, the data indicate that the
half-life of Co-56 in these explosive
environments is not orders of magnitude
different from the current laboratory
value of 77 days, but it is not necessarily
exactly the same, averaging around 10%
smaller than the 77 days. Is this what we
would expect? We will come back to this
question after a brief digression about
nuclear forces.
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Nuclear Force?

In order to overcome the electrical
repulsion between protons and hold
both neutrons and protons together in
a nucleus, a nuclear force is required.
Feynman (1985, p. 131) wrote: “There
was also the problem of what holds
neutrons and protons together inside the
nucleus. It was realized right away that
it could not be the exchange of photons,
because the forces holding the nucleus
together were much stronger—the
energy required to break up a nucleus
is much greater than that required to
knock an electron away from an atom...”
Consider a process in which an
electron goes between two points, as
in Figure 2. In part (a.) on the left, it
simply proceeds without interaction. In
the middle part (b.), a virtual photon is
emitted and absorbed and the electron
still ends up at the same final point. In
part (c.) on the right the electron emits
one virtual photon, and then before
reabsorbing it, it emits another. These
are drawn following Feynman (1985),
the Figure 77 in his book, QED.
Feynman points out in his book
OQED that the mass of virtual electrons

Luminosity verus Time for the Decay of Co-56
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Figure 1. a. Log of Luminosity versus time for SN2014J for the dates 200 to 1200 days. Data from Yang et al., 2018), b. A
graph for the decay of Co-56 plotted with a logarithmic scale for N/N, the fraction that has not decayed, versus time. The
SN2014]J data are only linear within a certain time interval, because other decays than Co-56 power it at other times.
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is not the same as that of real electrons.
This goes for W particles or any particle
with rest mass as well. These intermedi-
ate particles, whose lines do not extend
outside of the diagram, called virtual
particles, are not constrained to have the
same mass as a real particle, whose lines
extend to infinity, and thus whose mass
can be measured in the laboratory. If we
note this fact, then there is a sense in
which energy is not conserved if we insist
on imagining the virtual particles to have
the same mass as the real ones, which
Feynman denies. However, energy must
be conserved in the final states. On page
126 Feynman wrote: “Since the mass
and charge of an electron are affected
by these and all other alternatives, the
experimentally measured mass, m, and
the experimentally measured charge, e,
of the electron are different from the
numbers we use in our calculations, n
and j.” On page 128, Feynman adds:
“So it appears that the only things that
depend on the small distance between
coupling points are the values for n and j,
theoretical numbers that are not directly
observable anyway;... “ Thus the virtual
particles do not have the same mass as
real particles, which makes one wonder
whether the mental pictures we associ-
ate with the mathematics are adequate.

Prior to Feynman’s work, Hideki Yu-
kawa (1935) introduced the conceptual

a b

Figure 2. Three Feynman diagrams showing an electron go-
ing between two points with increasing complexity caused

by photon emission. See the text.

framework for a systematic approach to
the nucleon-nucleon interaction. His
then postulated “U field” later became
the pion field. This provided the basic
mechanism of charge exchange between
proton and neutron. From the form of
the potential, e™/r, and from the esti-
mated range of the nuclear force, the
mass of the U particle was predicted to
be about 200 times that of the electron
(Feynman, 1985, p. 132, 143). This is
about the mass of the pions, which come
with positive, negative and zero charge.
The a° (pi nought) has a mass about 264
times the electron mass (135 MeV/c? =
264x 0.511 MeV/c?) while the charged
pions (n*) are slightly heavier.

This U particle was initially identi-
fied with the muon discovered in 1937,
but which it turns out has nothing to
do with nuclear forces. The “real” U
particle was the © meson which was dis-
covered a decade later (Occhialini et al.,
1947) in cosmic rays and then produced
for the first time (Lattes et al., 1947) at
the Berkeley, California cyclotron.

Subsequent to Yukawa’s original
work, the 1950’s saw an impressive ef-
fort to investigate whether the meson-
exchange theory could match the facts.
The evidence was investigated via a
large number of papers in the Japanese
journal Progress of Theoretical Physics,
with some spill over into Physical Review
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and other journals. Taketani etal. (1951),
considering the graph of potential versus
distance between nucleons (Figure 3)
into various pieces. At large distance,
exchange of a single pion was thought
to prevail, whereas at shorter distances
two-pion exchange became important.
It is found that a theory of nuclear
forces involving the exchange of pions,
® (omega) mesons, p (rho) mesons, etc.
represents the nuclear force very well
(McCarthy, 1968, p. 52). The quark-
gluon theory is hardly needed.

The quark was not proposed until
Gell-Mann (1964), who wrote (1964,
p. 215):

A search for stable quarks of charge
-1/3 or +2/3 and/or stable di-quarks of
charge -2/3 or 1/3 or +4/3 at the high-
est energy accelerators would help
to reassure us of the non-existence
of real quarks.

Today the theory of the strong nu-
clear force at shorter distances involves
quarks and gluons, which were un-
known in the 1950’s. Hence it is interest-
ing that, in the 1950’ the Japanese theo-
retical physicists (Konuma et al., 1958;
Taketani et al., 1951) were reluctant to
say that the Yukawa theory was working
at short distances. At larger distances,
one-pion exchange was thought and still
is thought to prevail (Brown and Rho,
1983; Dean and Hjorth-Jensen, 2003,
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Figure 3. A graph of potential felt by a nucleon versus
distance from a second nucleon, after Brown and Rho
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p. 6) since the quarks are confined to
a “bag” and should not matter at those
distances. The quarks and gluons are
thought to occupy a “core” of about
0.5 femtometers radius, while a meson
cloud of pions and other mesons still
prevails at larger distances (Brown and
Rho, 1983, p. 51). The p (rho) meson,
which consists of two pions, is thought
to be a contributor, as is the @ (omega)
meson.

According to the Pauli exclusion
principle, two identical particles may
occupy the same state only if they have
opposite spins. However, the neutron
and proton are not “identical.” The
nuclear force for neutron and proton
approaching each other from opposite
positions is stronger when the spins are
parallel (Otsuka et al., 2005). The deu-
teron is the bound state of one neutron
and one proton, H. Evidently, there is
only one bound state of the deuteron,
and that is in the case where the spins
of the neutron and proton are parallel,

yielding +1 for the total spin quantum
number (McCarthy, 1968, p. 51).

Nuclei and Superconductivity

Bardeen, Cooper, and Schrieffer (1957)
(hereafter referred to as BCS) proposed
that a very weak attractive force between
pairs of electrons with opposite momen-
tum was responsible for superconduct-
ing currents observed in many materials
at low temperature. This at first appears
counterintuitive since electrons are
negatively charged, and two like charges
should repel each other. However, the
BCS theory is not concerned with two
electrons moving in a vacuum, but in
a crystalline solid where the medium
includes a regular arrangement of posi-
tive ions. We picture the solid as a three-
dimensional arrangement of positive
ions called the lattice, surrounded by a
gas of free electrons. The idea is that one
electron attracts the positive ions near to
it, causing a distortion of the crystal lat-
tice, which may be transmitted through

the solid in the form of quantized elastic
waves, called phonons.

As the electron moves through the
lattice, the positive ions nearby are
displaced, forming a thin tube of dis-
placement which follows the electron
as itmoves through the lattice. A second
electron may be attracted to the tube of
concentrated positive charge, but the
attraction is only large if an electron
moves along the direction of the tube
opposite to the direction of the first
electron. Otherwise the encounter is
too short and the attractive interaction
is too weak. Also, this mechanism is only
effective at low temperature, where other
lattice motions do not interfere. The
two electrons, together with their tubes
of displaced ions trailing along behind
them, form a quantum state called a
Cooper pair (Cooper, 1956) or also a
quasiparticle. The electrons in a crys-
tal obey the Pauli exclusion principle,
which states that no two electrons can
occupy the same state unless they have
opposite spins. Having the opposite spin
also makes the state different, so taking
spin into account enables the statement
to be changed to the requirement that
no two electrons can occupy the same
state. Particles which obey the Pauli
exclusion principle have half-integral
spin and are called fermions. The other
category of particles includes particles
of integral spin, called bosons, and these
particles do not obey the Pauli exclusion
principle and can have more than one
particle per quantum state. In a solid,
there is an amount energy called the
Fermi energy, named after Enrico Fermi,
which at absolute zero would divide oc-
cupied electron energy states from unoc-
cupied energies. Ata finite temperature,
the Fermi energy still divides occupied
levels from unoccupied levels, but the
boundary is not so sharp, the occupation
numbers changing from one to zero only
over a finite interval or spread of energy.
This means that Cooper pairs can only
be formed by electrons near to the
Fermi energy, because the energy from

the weak attractions of one electron for
another can only be effective if the elec-
trons can change their quantum states
to unoccupied levels. Cooper (1956)
showed that two fermions of opposite
spin attract each other to form a bound
state, and that this Cooper pair has zero
spin and behaves like a boson.

The adoption of BCS theory into
nuclear physics followed the tentative
plans offered by Bohr, Mottelson, and
Pines (1958) and the more detailed
form given by Belyaev (1959). Bohr et
al. explained the energy gap observed in
the spectra of even-even nuclei in terms
of the BCS ideas, and then Belyaev used
the mathematics of field theory, and ap-
proximations that followed from it that
made possible simple calculations of
the effects of pairing in nuclei in terms
of independent quasi-particles.

In nuclei pairs of neutrons and also
pairs of protons couple to a total spin
of 0, giving a little extra binding energy.
This has been noticed in several lines of
research. Experimentally we find that
nuclei with an even number of protons
and also an even number of neutrons
have a total angular momentum of zero
in their ground states. The nuclear force
just naturally leads to this. It is thought
to be due to the short-range portion of
the interaction between nucleons. The
ground states of the majority of nuclei
are very well described in terms of “su-
perfluid condensates,” in which pairs of
protons or pairs of neutrons form.

Since they do not have to obey the
Pauli exclusion principle, a neutron and
a proton of parallel spin will be attracted
to each other and pair up when in states
of opposite orbital angular momentum.
Also, two protons of antiparallel spin can
pair up, or two neutrons of antiparallel
spin can pair up. The pairing forms
what are called “quasiparticles” and
the formation of large numbers of these
pairs of particles into quasiparticles
is a “condensation” which lowers the
overall energy of the nucleus, forming
a “pairing gap,” a lowering of the overall
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nuclear energy (Bohr, Mottleson, and
Pines, 1958).

Is Nickel-56 a
Special Nucleus?

Nuclei with doubly-closed shells are
only a small fraction of the nuclei which
have been charted. In theory, Nickel-56
has proton number and neutron number
7 = N = 28, which would be doubly
closed because of the filling of the f,,
orbital with the required eight particles,
both for neutrons and protons, which
filling brings the total number of par-
ticles to 28 counting the 20 particles
in subshells of lower energy. Of course,
then 28428 is 56. However, if the ground
state of this nucleus were deformed, the
orbital energies could be modified and
could destroy this property. This has
been documented to occur for nuclei
far from stability (Datta et al., 2018;
Diriken et al., 2014). Evaluations of
experimentally measured rates of excita-
tion and subsequent gamma emission
of a nucleus to the excited 2+ state by
electron collision have been used to
infer the amount of deformation for the
2* state to ground state transition. This
spheroidal deformation is measured by
the “quadrupole deformation param-
eter B,” (Pritychenko et al., 2016). The
quadrupole deformation parameter
for the **Ni transition determined in
this way ranges from 0.144 according
to Yanagisawa et al., (1998, quoted in
Pritychenko etal., 2016, p. 43),t0 0.173
according to values tabulated by Raman
etal., 2001, p. 38, Table I). The 0.173
value originated with Kraus et al. (1994,
p- 1775), who inferred the value from ex-
perimentally measured transition rates
between the ground state and the first 2*
excited state, using phenomenological
equations (Raman et al., 2001, p. 14).
This value is found from a transition rate
between two states, more precisely the
reduced electromagnetic transition rate
B(E2: 0* — 27), and does not give the
deformation of the 0* ground state of **N

(Elliott, 1958, p. 576; Burcham, 1963, p.
690; Blatt and Weisskopf, 1979, p. 30;
Bethe and Morrison, 1947, p. 175). On
the other hand, very powerful computer
calculations by Moller etal. (2016, p. 87)
gave zero for the deformation parameter
for the ground state. Also, we shall see
below that even-even nuclei in their
ground states invariably have zero spin
and zero quadrupole moment. This does
not necessarily mean zero deformation,
as Burcham (1963, p. 690) pointed out:
Quantum mechanical states with
[ =0 and I = 1/2 have spherically
symmetrical charge distributions
and electric (E) moments are not
observed for such states. This does
not mean that a nucleus in such a
state is necessarily a spherical object,
since the spherical symmetry may
arise because of the averaging over
spin directions.

The nucleus in such a quantum state
would have a deformation and react
accordingly if it could be observed at
rest, but its motion causes an averag-
ing to zero effect. An example where
the ground state has zero spin and
zero quadrupole moment but still is
deformed is #Si, which according to
Méller et al., (2016, p. 53) is an oblate
spheroid in the ground state.

Atomic nuclei, with their discrete
energy levels, sometimes follow the
“rigid rotor model” (Segre, 1965, p. 254;
Burcham, 1963, p. 85). In such a case,
for even neutron and proton number,
the various energy levels form “bands”
with spin I = 0, 2, 4, 6, etc. and have
energies which increase in proportion
to I(I+1). In some nuclei, such as *Ne
and Ne, the transition quadrupole
moments found from the reduced elec-
tromagnetic transition rates B(E2: 0* —
2+), B(E2: 2 > 4*), and B(E2: 4 — 6%)
remain constant consistent with a rigid
rotor model of the nucleus (Schwalm
et al,, 1972, p. 482 and their Table 5).
Other nuclei, such as **Ne, exhibit a
spherical state or a small oblate defor-
mation for [ = 0* and 2*, while a prolate

deformation is found at I = 4* (Bottoni
etal., 2012, p. 5-6 and their Figure 7).
Although no experimentally measured
B(E2: 2* — 4%), and B(E2: 4+ — 6+)
values have been reported for Nickel-56,
the trends indicate that it follows a more
complicated behavior than the rigid
rotor model.

Experimentally, one can use vari-
ous indicators to provide evidence that
closed shells, also called “magic num-
bers,” do in fact exist. Taniuchi et al.
(2019) discussed the size of the energy
gap between the ground state, which
invariably has a spin and parity of 0* in
these even Z, even N cases and the first
2* excited state (see Figure 4).

Another line of evidence depends
on values of the separation energies of
the last pair of neutrons, as discussed by
Thibault et al. (1975). An unexpected
increase in this separation energy for Na-
31 and Na-32 indicated nonexistence
of a shell closure for these sodium iso-
topes. Rodriguez-Guzman et al. (2002)
used these separation energies to show
evidence for nonexistence of the N= 28
shell closure for the very neutron-rich
nuclides Mg-40 (Z = 12, N= 28), Si-42
(Z=14,N =28, and S-44 (Z=16, N =
28). However, Ni-56 is nearer the line of
stability and is not neutron rich (Z =N
= 28). The separation energies provide
evidence for a shell closure in Nickel-56.

Pairing Phase Changes
and Relevant Half-Lives

In modern physics, the nucleus, which
consists of a finite number of neutrons
and protons bound together by the
strong nuclear force, is successfully treat-
ed using quantum theory, whereas exact
equations for the nuclear interaction are
not known. Various effective interac-
tions, labelled GXPF'1, the Kuo-Brown
KB3, the Argonne V18 interaction, the
Nijmegen interaction, the Gogny force,
etc. have been found to give acceptable
computational results (Lisetskiy et al.,
2003; Langanke et al., 1995; Machleidt
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and Slaus 2001; Dechargé and Gogny,
1980). Although the nucleus consists
only of a finite number of particles, the
concept of a phase transition is useful
for describing structure changes in
the atomic nucleus (Chaffin, 2008, p.
180). The phase can consist of a state
dominated by pairing forces in which
the particles “condense out” into pairs
of quasiparticles, referred to as a “super-
fluid.” Alternatively, there are “shape
transitions” in which the nucleus selects
oblate, spherical, or prolate shapes (Fig-
ure 5). Some nuclei are said to be “soft,”
meaning that they may easily change to
triaxial asymmetric shapes.

In the description of current nuclear
physics models and theories, the term
“residual interaction” refers to the left-
over interaction after an average poten-
tial is assumed. “Pairing” is the part of
this residual interaction of the pairs of
particles in the correctly corresponding
orbits are selected. When this interac-
tion is strong enough, there can be a
“condensation” of the particles into pairs
which yields a “pairing gap” A, which
is a reduction in energy of the nucleus
resulting from the pairing. Typically,

Carbon Isotopes
2+Smtes

Energy 7

(MeV)

]

C-12 C14 C-16

the pairing gap A is of the order of 1
MeV, which is smaller than the shell
gap, which is several MeV depend-
ing on the particular gap to which we
refer (see Figure 7). When the pairing
interaction is not strong enough, then
A = 0 and the overall nuclear energy is
not reduced. This does not mean that
the pairing interaction vanishes, only
that it is not strong enough to cause
the condensation. This A = 0 situation
may occur in the ground state of some
nuclei, whereas in other nuclei, at some
excitation energy, there occurs a phase
transition [second order] to a “heated”
nucleus where the pairing effects may
be neglected (Volya, Zelevinsky, and
Brown, 2002).

In Chapter 7 of RATE, volume 2
(Chattin, 2005a), quantum mechani-
cal calculations were presented for an
alpha particle in a nucleus. In quantum
mechanics, the wavefunction is a quan-
tity whose square gives the probability
density for finding the particle, the alpha
particle in this case. The calculations
showed that, if the strength of the strong
nuclear force were to change, the num-
ber of nodes in the effective wave func-

Nickel Isotopes

Ni-54 Ni-S6 Ni-58

Figure 4. Energy gap between the 0* ground state and the first

2+ excited state in even N-even Z carbon and nickel nuclei.

Carbon-14, with neutron number N = 8 has a closed shell,
whereas Carbon-12 and Carbon-16 do not. The smaller en-
ergy gap shown provides evidence that Carbon-14 does in fact

have a closed neutron shell (Negret et al., 2006). Nickel-56

Oblate

has doubly closed shells N=Z=28, and the bar height is higher

for it than for its even N-even Z neighbors Nickel-54 and
Nickel-58. This is experimental evidence for a closed shell

(Taniuchi et al., 2019, their Figure 1].

tion could change suddenly. This results
in a jump in the decay constant (which
is 0.693 divided by the half-life, and
also the fraction of the nuclei decaying
per unit time). Here we are concerned
with changes in the weak nuclear force
caused by an acceleron field pulse as-
sociated with a supernova burst. It is not
the strong nuclear force that is affected,
but nevertheless the weak force affects
the nuclear particles.

In Chaffin (2017), it was considered
that, during the nearby supernova event,
the mass of U-238 nuclei could change,
resulting in beta-minus decay becoming
the predominate decay mode rather than
alpha decay. This consequently results
in a drastic change in nuclear halflife.
The mass change of the U-238 nucleus
was linked to the weak force rather than
the strong nuclear force. However, the
weak force also affects the dynamics of
the nuclear particles. The weak force
changes are hypothesized to be caused
by the changes in the acceleron field.

In Chaffin (2008), the dependence
of nuclear pairing phases on the strength
of the nuclear force were discussed. For
some nuclei it was shown that a slight
change in nuclear force strength could
cause a discontinuous change in half-life.
For other nuclei, such as C-14, this was
not the case. For C-14, the halflife is
not as drastically altered. C-14 is excep-
tional in that there may be no pairing,

°

Spherical Prolate

Figure 5. Oblate, spherical, and prolate ellipsoidal shapes.
These are axially symmetric possibilities that a nucleus may

assume depending on its energy level.
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hence when the nuclear force strength
changes, no phase change of the nucleus
occurs. This implies that that half-life
may change slightly, but not drastically.

Nickel-56 is important in the su-
pernova explosion, since this nuclide is
the most abundantly produced isotope
In many supernova case scenarios
(Yang et al. (2018, p. 2). As discussed
above, Ni-56 is a doubly closed-shell
nucleus with both neutron and proton
numbers equal to 28. Empirically (and
theoretically) one expects closed shells
for nucleon numbers 8, 20, 28, 50, 82,
126, etc., and Ni-56 happens to have Z
= N = 28. Figure 6 shows a graph, the
result of computer calculations as in
Chatfin (2008), of pairing gap versus
pairing strength for Ni-56, assuming a
spherical shape.

The actual pairing strength is
thought to be 0.343 MeV, hence the
pairing gap should be zero and there
would be no “pairing condensate” or the
Nickel-56 ground state would not exist
in the pairing phase.

This zero-pairing gap for
with the results shown in Figures 5 and 6
of Lietal. (2015). Their graph shows the
pairing gap curves on both sides (N < 28
and N > 28) dropping off precipitously

*Ni agrees

to zero for N = 28. Terasaki and Engel
(2006) presented a similar graph (their
Figure 9), but the theoretical part used
the Skyrme interaction. It also gave a
zero-pairing gap for Nickel-56.

As explained in Chaffin (2008), Nils-
son, et al. (1969, p. 17), found that the
overall mass number A-dependence of
the pairing strength G was found to be
proportional to A’ Nilsson et al. gave
the equation for G times A:

GA = g, +g,(N-Z)/A,

with g = 19.2 MeV and g, = 7.4 MeV.
For the =+ sign, the plus sign is for protons,
the minus sign for neutrons. However,
when more involved theoretical studies
have been done, better, more precise
calculations than this empirical approxi-
mation may be possible.

Ni-56, with proton number 7 =
28 and neutron number N = 28, has
an expected pairing strength of 0.343
MeV for both protons and neutrons,
which according to my results is too
small, and there is no expected pairing
gap for this doubly-closed-shell nucleus.
This would imply that, like Carbon-14,
the half-life of Ni-56 is not sensitive to
changes in either the weak or strong

nuclear forces, since changes in these
forces could not cause a phase transi-
tion since none is available. The single
particle energy levels that should be
used in these computer calculations are
not precisely given, hence estimating
the uncertainty in the critical pairing
strength, given above as 0.41 MeV for
a spherical nucleus, could be done by
varying these single particle energies.
For example, Gade et al. (2005, p. 4)
and Sagawa et al. (2013, their Figure 1)
gave some different sets of single particle
energies for Nickel-56 which could be
adopted for the calculation of these
uncertainty intervals. For neutrons we
find that the critical pairing strength G,
is between 0.36 and 0.42 MeV, while for
protons in Nickel-56 it is between 0.36
and 0.41 MeV. Thus, the actual value
of 0.343 MeV is well outside this range,
indicating that small variations will not
cause a phase change.

Gambacurta and Lacroix (2014) pre-
sented a graph, their Figure 2, showing
that the pairing gap should be zero for
Nickel-56. There calculations showed
that their “Skyrme energy density
functional” is minimized for a spheri-
cal shape with zero pairing gap, thus
confirming my results.

1.8

Pairing Gap vs Pairing Strength for
Ni-56 (neutrons, Sagawa Levels)

Pairing Gap vs Pairing Strength for Ni-56
(Protons, Sagawa Levels)
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Figure 6. Pairing gap versus pairing strength for the doubly-closed shell nucleus Nickel-56, Z=N=28, neutron results on the
left, protons on the right. For pairing strengths below 0.41 MeV, which includes the actual value, the pairing gap vanishes.
The single-particle levels were adjusted using data given in Sagawa, Tanimura, and Hagino (2013).
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However, the situation for Ni-56
is clouded by the fact that, it exhibits
“shape-coexistence.” In other words,
according to this concept, a nucleus
in some excited states has a deforma-
tion even though the ground state is a
spherically symmetric shape (Chiba and
Kimura, 2014, 2015). Blatt and Weiss-
kopf (1979, p. 26) gave an interesting
proof that an even Z, even N nucleus
will have zero angular momentum and
must have a zero-quadrupole moment
in their ground state. This is borne out
in experimental tables (Stone, 2005).
The “electric quadrupole moment”
which Blatt and Weisskopf defined more
precisely than we will here, measures
the amount of spheroidal deformation
of the nucleus. A prolate (cigar-shaped)
spheroid has a positive quadrupole
moment, whereas an oblate (pancake-
shaped, see Figure 5) spheroid has a
negative quadrupole moment. Chiba
and Kimura found that the Nickel-56
nucleus is “soft” against oblate defor-
mations, and that the potential energy
surface also had minima for prolate de-
formations. Rudolph et al. (1999) found
bands of energy levels correspond to
inferred deformations. Thus, although
the ground-state is spherical and has
zero angular momentum, Ni-56 is easily
excited to energy levels with nonzero
angular momentum and nonzero quad-
rupole moment. This idea is supported
by the results of some earlier theoreti-
cal calculations of Otsuka et al. (1998)
which indicated that the ground state
of Ni-56 was not a pure doubly-closed-
shell configuration but contained an
appreciable mixture of something else.
Honma et al. (2004, p. 24) character-
ized it as a 68% doubly-closed nucleus
with a mixture of one particle excited
across the shell gap, leaving one hole
in the “core.” They did not speculate
on whether this meant there was a
deformation, although their Figure 18
shows a value of about 20 eefm? for the
quadrupole moment of the first excited
2*level. However, as we discussed above,

experimental data involving 2* excited
states and two-neutron separation ener-
gies speaks in favor of the existence of the
doubly-closed shell. Also, the calcula-
tions of Chiba and Kimura (2014, p. 6)
led to a transition probability from the
first excited 2+ state to the ground state,
the so-called B(E2) value, larger than
the experimental value. They therefore
concluded that “the actual deforma-
tion of **Ni is smaller than the present
result.” Rudolph (1999, p. 3764), Heyde
and Wood (2011, p. 1496) and Horoi et
al. (2006, p. 1) divide the levels of **Ni
into a “spherical” ground state band and
two “superdeformed,” prolate bands. No
experimental evidence for an oblate
band has been found. Also, the shell gap
shown in Méller, Nix, and Kratz (1997,
p. 172) for either neutrons or protons
at N or Z = 28, is slightly larger for the
spherical shape than for the oblate de-
formation (eps, =-0.40). One could also
reiterate the findings, from theoretical
calculations, of Maller et al. (2016, p.
87), mentioned above, which gave zero
for the deformation parameter for the
ground state of **Ni. Therefore, the fac-
tuality of a doubly-closed shell, spherical
or atleast nearly spherical configuration
for Ni-56 is not appreciably modified.
Another complication for Ni-56
concerns possible pairing between neu-
trons and protons, called np-pairing. In
most nuclei, only proton-proton pairing
(pp-pairing) or neutron-neutron (nn-
pairing) is of any importance. However,
for nuclei with N = Z the states of the
neutrons and protons are very similar
and np-pairing can be important. The
np Cooper pairs are not deuterons
(*H nuclei), but involve an attractive
interaction in which the particles of
the pair remain further apart (Isaule, et
al., 2016). In neutron star interiors both
these np states are thought to occur, but
at nuclear densities the deuteron state
is not favored (Rubtsova et al., 2017).
Cederwall et al. (2011) wrote:
For all known nuclei, including

those residing along the N = Z line

up to around mass 80, a detailed
analysis of their properties such as
binding energies [9] and the spec-
troscopy of the excited states [10]
strongly suggests that normal isovec-
tor (T'= 1) pairing is dominant at low
excitation energies.

Here, the term “isovector pairing”
refers to a type of np-pairing in which the
neutrons and protons couple in a certain
way, as opposed to the other type called
isoscalar pairing. Frauendorf and Mac-
chiavelli (2014) wrote: “The np pairs
can couple to angular momentum zero
and isospin T = 1 (isovector), or, since
they are no longer restricted by the Pauli
exclusion principle, they can couple to
T = 0 (isoscalar) and ] = 1.” We need
not concern ourselves with the details
here, but the interested reader can refer
to the Cederwall etal. (2011) paper and
references therein. The relevant theory
states that np-pairing could exist for N
= 7 nuclei such as Ni-56. However, for
the ground state of Ni-56, indications
are that the pairing of this type does not
materialize.

Martinez-Pinedo, Langanke, and Vo-
gel (1999), in a numerical study of iron
isotopes (proton number Z = 26), found
that the strength of np-pairing decreased
as the neutron number N increased away
from the N = Z = 26 nucleus **Fe. For
the closed shell nucleus N = 28 (**Fe),
where the f , subshell is full with 8
neutrons and the entire N = 28 shell is
full, they found that the strength of the
f., isovector and isoscalar pairing was
substantially less (Martinez-Pinedo etal.,
1999, their Figure 7). As other subshells,
associated with higher neutron single
particle energies (see Figure 7) across
the shell gap, begin to fill, the overall
np-pairing strength increases again.

Discussing nuclei with N ~ Z nu-
clei near the A = 56 mass number of
Nickel-56, Poves and Martinez-Pinedo
(1998, p. 207) wrote: “Finally we dis-
card the presence of isoscalar pairing
condensates everywhere in the region,
as well as the existence of isovector pair-
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ing condensates at N = Z.” In heavier
nuclei, with proton numbers from 55
to 70, such np-pairing condensates have
been found (Gezerlis, et al., 2011), but
not near proton number Z = 28. Also,
for short-lived nuclei with either very
large or very small numbers of neutrons,
relative to the proton number, np-pairing
has not been ruled out. Nevertheless, in
the doubly closed N = Z = 28 nucleus
*Ni, there is no np-pairing gap or it is
zero since the strength of np-pairing is
not enough for this nucleus. Thus, a
small change in nuclear attraction will
not change the nuclear phase and will
not drastically affect the half-ife of this
nucleus.

Nickel-56 decays to Co-56. For the
case of Co-56, proton number Z = 27
and neutron number N = 29, and with
the 77-day half-life and with a slight
deformation, I have done computer
calculations similar to those reported
in Chaffin (2008), for both neutrons
and protons, investigating the existence
of pairing correlations. According to
computer calculations, based on a liquid
drop model corrected by single-particle
microscopic methods, Méller et al.

(1995, p. 235), found that Co-56 has
a slight quadrupole deformation, mea-
sured by a parameter eps, = 0.083. More
refined work (Msoller et al., 2016, p. 85)
gave eps, = 0.07. Taking the quadrupole
deformation as factual leads to modified
single particle levels (Maller, Nix and
Kratz, 1997, p. 172). A prolate ellipsoidal
shape occurs (Peng and Chen, 2018, p.
4). This deformation was taken in to
account using the single particle level
graphs presented in Moller, Nix and
Kratz (1997), which show the shift in
the levels as a result of the quadrupole
deformation parameter. My results are
shown in Figure 8.

Due to uncertainties in the single
particle energy levels, there are corre-
sponding uncertainties in the possible
pairing gaps. For Co-56, G the limit
point for neutrons is about 0.405 MeV,
below which the pairing gap is zero. The
limit point for protons is around G, =
0.26 MeV. The actual pairing strength
is G, == 0.338 MeV for neutrons and
G,=0.347 MeV for protons. Thus, there
should be no pairing gap for neutrons.

For protons there would be a pairing gap
of around 0.8 MeV. Co-56 is an odd-odd

nucleus in that both the proton and neu-
tron numbers 27 and 29 are odd num-
bers. For particle number N = 29, there
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Figure 7. Nuclear single particle levels
in the shell model plotted using their
energies and showing the shell gaps.

Nickel-56 would have a filled shell
corresponding to the N = 28 shell gap.
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is one neutron outside the closed shell at
N = 28, which odd neutron is more like-
ly to be at larger distance than the others,
hence has less of a pairing probability.
On the other hand, the subtraction of
one proton from the closed shell at Z=
28 does not decrease the likelihood of
proton pairing as much as for the neu-
trons. Hence, we find the limit point for
protons (0.26+.02 MeV) is smaller than
for neutrons (0.405+.02 MeV). This is
an example of what is called “blocking”
(Rowe, 1970, p. 194). Rowe wrote: “If
one particular single-particle state 1 is
singled out and occupied by a physical
particle, that state is no longer available
for the pair correlations of the other par-
ticles. In other words, the single-particle
state 11 is blocked.” Compared to Ni-56,
there is more of a likelihood that the
pairing phase for protons persists as the
weak nuclear force changes (a change
we think is due to the acceleron field).
Thus, the sensitivity of Co-56 to changes
in nuclear forces should be somewhat
more than Ni-56, but not as pronounced
as for some other nuclei.

The pairing gap may be plotted
against neutron number as shown in
Figure 9. The pairing gap is seen to
drop precipitously to zero as the neutron
number nears the N = 28 closed shell.

Langanke et al. (1995) performed a
type of improved calculation for nuclei
that are of interest for supernova studies
such as those of interest here. The Lan-
ganke et al. (1995) figure [Fig. 6 in the
original article, Fig. 12 when essentially
the same figure was reproduced in Dean
and Hjorth-Jensen (2003)] shows that
pairing strength in even-even nuclei
is smallest in the closed shell nucleus.
Langanke et al. studied the BCS-like
pairing content of the ground states of
even-even nuclei *2**6°80Fe [7,=26],
5658606260Nj [Z=28], and "26Zn [Z=30]
by measuring the expectation values
for the pairing fields, which was their
expression <A'A>, for proton-proton and
neutron-neutron pairing. Nuclei such as
cobalt have Z=27, an odd number, and

thus cannot be even-even, regardless
of neutron number. However, these
calculations show that the pairing cor-
relations get smaller as you approach a
closed shell.

The size of the pairing gap is deter-
mined by the density of single particle
states close to the “Fermi surface,” or the
position (energy) separating occupied
from unoccupied levels. We find that
the total energy is lowered when there
is an unusually high-level density, since
the higher the level density, the larger
the number of levels into which pairs
can be scattered. At a closed shell, the
level density is small and consequently
pairing gets weaker.

Dean and Hjorth-Jensen (2003, p.2)
stated: “Second, there is a critical value
of the pairing-force strength for which
no non-trivial solution exists.” This was
viewed as a negative aspect of the BCS
approximation which could be “correct-
ed” by the Lipkin-Nogami “trick.” This
“trick” involves an extra term in the con-
straint equation from which the working
approximations are derived (Nogami,
1964, 1965). However, phase transitions
are still expected, although this does
not necessarily imply vanishing of all
correlations, such as neutron-proton
correlations (Clark and Macchiavelli,

2008). A nucleus, after all, has a finite
number of particles, not the very large
numbers usually encountered in the
thermodynamics of phase transitions.
Clark and Macchiavelli found evidence
that the doubly-closed-shell nucleus, Pb-
208, is very close to the critical-point of
the pairing phase transition. Although
the sharpness of a pairing to no-pairing
phase transition remains an uncertainty,
nevertheless the occurrence of such
transitions can be considered as an
important event.

Conclusion: Expectation

for Changed Half-Life

As the strength of the nuclear force
changes, a half-life may either increase
or decrease Chaffin (2005a, Figure 3,
p- 530). The half-life is not a steadily
changing (monatonic) function of
one parameter. However, when the
nucleus undergoes a phase change, a
dramatic alteration in half-life is to be
expected rather than a miniscule al-
teration. Hence, these studies point to
very little change in the doubly-closed
shell Nickel-56 half-life. For Cobalt-56,
the neutrons are not condensed into
the pairs called quasiparticles, hence
a slight change in nuclear parameters

Pairing Gap vs Neutron Number
(Cobalt Isotopes)
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would probably not produce dramatic
phase change and/or associated half-life
change. According to the present study,
for the Co-56 protons a slight change
caused by the acceleron field or any
other factor affecting the nucleus is more
likely to alter the halflife, and this is a
subject for future studies.
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