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Elements from iron to uranium are expected to have been produced in the r-process nucleosynthesis
via rapid neutron capture at elevated temperatures of the order of Giga Kelvins (GK). The network
of coupled differential equations used to determine the abundance of elements thus involves nuclear
reaction rates at elevated temperatures. The path of the r-process nucleosynthesis is along highly
unstable nuclei and hence nuclear decay rates play an important role too. However, standard codes
available for such calculations make use of terrestrial half-lives for alpha decay. Within a statistical
approach and using data on excited nuclei, we find that for temperatures between 1-2 GK, the alpha
decay half-lives can decrease by a few orders of magnitude as compared to the terrestrial ones. Based on
these results, an estimate for the variations of the abundance of elements due to temperature-dependent
half-lives is provided for a high entropy wind scenario. A model for the radioactive decay of thermally
excited heavy nuclei by emitting an alpha or a light cluster such as *C, 2°0, or 2®Mg is also presented

(2022)

and applied to evaluate the less known light cluster decay rates.

topics: alpha decay, cluster decay, r-process nucleosynthesis

1. Introduction

Synthesis of elements and the underlying nuclear
physics has been a field at the frontiers of physics
for several decades. With the exception of a few
anomalies, such as the lithium problem [1] in big
bang nucleosynthesis, one can say that we have
a fairly good understanding of the mechanism and
production sites of the light and medium-heavy el-
ements. “How were the elements from iron to ura-
nium made?”, however, remains a question to be
answered in the next decade [2]. The general condi-
tions required to cook these heavy elements seem to
be clear, but the sites and means of production are
not very well understood. It seems difficult to form
nuclei beyond iron by fusion since the transmis-
sion through the Coulomb barrier decreases dras-
tically with increasing nuclear charges, making fu-
sion impossible for large nucleon numbers. Neutron-
induced reactions then emerge as the mechanism for
the synthesis of the heavy nuclides due to the ab-
sence of the Coulomb barrier and the occurrence of
large neutron capture cross sections. Thus, it seems
that heavy nuclides can be synthesized by exposing
lighter seed nuclei to a source of neutrons.
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The r-process, which occurs along a path close to
the neutron drip line in the nuclear landscape, pro-
vides the mechanism for the origin of more than half
of the heavy nuclei in the universe [3, 4]. Candidates
for the possible sites of r-process nucleosynthesis
are several, with neutrino winds from core-collapse
supernovae and neutron star mergers being among
them [5]. In addition to producing kilohertz gravi-
tational waves detectable by ground-based interfer-
ometers, compact object mergers involving a neu-
tron star are likely to emit a variety of electromag-
netic signals. The mergers may also produce opti-
cal/infrared transients powered by the radioactive
decay of heavy elements synthesized via rapid neu-
tron capture (the r-process).

The r-process nucleosynthesis path, in general, is
along very unstable and neutron-rich nuclei. The
explosive conditions in r-process sites could result
in nuclei existing in excited states since the popu-
lation factor for excited energy levels of a nucleus
is large at high ambient temperatures. Calculation
of nuclear abundances, in general, requires the evo-
lution of nuclear abundances via a nuclear reac-
tion network made up of a system of the first or-
der (coupled) differential equations with production
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Temperature dependence of the alpha decay half-lives is shown in panel (a). Panel (b) shows the

sensitivity factor (4) of the abundance of elements due to the change in alpha decay half-lives (see text for

details).

and destruction terms involving each of the many
nuclear reactions and decays involved [5]. The pos-
sible effects of the nuclear thermal excitations are
taken into account in the forward and reverse re-
action rates. However, the same is not true in the
case of alpha decays. The latter are taken from mea-
sured half-lives on earth. In this work, we investi-
gate the changes in the alpha decay half-lives at
elevated temperatures using experimental informa-
tion on the excited levels of nuclei. Apart from this,
the cluster decay mode, which is usually considered
unimportant due to its low branching fraction as
compared to other decay modes (such as alpha de-
cay and fission) and not included in the r-process
nucleosynthesis codes, is also investigated at high
temperatures. In the absence of sufficient experi-
mental data, we propose a temperature-dependent
double folding model for such a calculation. An es-
timate for the variations of the abundances due
to changes in the alpha decay rates at high tem-
peratures presented here provides the motivation
for a detailed investigation of the same in the
future.

2. Half-lives at elevated temperatures

The temperature-dependent half-life, ¢, /5(7%) =
In(2)/A(Ts), is evaluated using the standard for-
mula for the temperature-dependent decay con-
stant [6, 7], namely,

NTy) = Zpiz/\ij- (1)

Here, the sums over ¢ and j are over the parent and
daughter states, respectively. Thus, A;; is the de-
cay constant for the decay of the i-th level in the
parent to the j-th level in the daughter. The pop-
ulation probability, p;, is given with a Boltzmann
factor as [7]

(2J; + 1) e Fi/(knTs)
b= Zl(2Jl + l)e*Ez/(kBTs) )

(2)
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where J; and E; are the spin and the excitation en-
ergy of the state i, respectively. Inserting (2) in (1),

In(2)

ANTs) =
L) = 557 e Bt
CIAY) vyt (BRy,,  (3)
T,

where (BR);; is the branching fraction for the de-
cay from the i-th level of the parent nucleus to the
j-th level in the daughter nucleus. The detailed de-
cay schemes and the percentage decay to a partic-
ular channel, ie., I = (\;j/Awor) X 100% can be
found on the website [8]. The branching fraction,
(BR)ij = Mij/Atot, can thus be obtained from the
data tables.

2.1. Thermally enhanced alpha decay rates

Using (3) with the input half-lives, ¢ /o and
(BR);; taken from experiment, in general, leads
to a decrease in the temperature dependent half-
life, 1/5(Ts) of a given nucleus. For those levels
with unknown experimental half-lives, a universal
decay law [9] with an effective Q-value, Qe =
Q+ €A, Z,Ts), (where €(A, Z,T;) is obtained us-
ing the standard definition of the average excita-
tion energy [10] in statistical physics) is used to es-
timate til /2 of those levels. Half-lives of the nuclei,

212pg, 214Ry, 219FY, 216Ra, and 217 Ac, are presented
in Fig. la as a function of the ambient tempera-
ture, T,. The choice of these nuclei, which have the
neutron number N = 128, was based on the find-
ings in [11] where it was observed that the nuclei
with N = 128 had the highest decay rates. In terms
of a preformed cluster model with an alpha tun-
neling the Coulomb barrier formed by its interac-
tion with the daughter, this implied that the alpha
spends the least amount of time with the daugh-
ter with NV = 126 at the shell closure. Not surpris-
ingly, these nuclei have a good number of excited
levels decaying by alpha decay as compared to other
nuclei. Figure 1a shows that the half-lives decrease
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by about 1-2 orders of magnitude in most cases as
compared to the terrestrial half-lives, except for the
case of 2'2Po where the decrease is about 5 orders
of magnitude. The possible reason for this large de-
crease could simply be the large number of excited
states of 212Po as compared to other nuclei. We note
that the daughter nucleus, 2°®Pb in this case is dou-
bly magic.

To estimate the effect of thermally enhanced al-
pha decay rates on the r-process yields, we per-
formed a sensitivity calculation with the sensitiv-
ity module of SiRop (available at [12]). SiRop is an
updated version of r-Java [13, 14], that allows for
handling nuclear physics inputs, setting up differ-
ent astrophysical conditions, and customize sensi-
tivity factor metrics [15] for nucleosynthesis stud-
ies. For the astrophysical environment we chose
a high entropy wind site. The initial seed abun-
dances were determined by nuclear statistical equi-
librium at a temperature of 3 GK, a density of
8 x 10* g/cm3, and an initial electron fraction
Y., = 0.2. The entropy of the wind is § = 200
in units of kg/baryon. These conditions produced
r-process elements beyond the third peak at mass
number A = 195, allowing us to study the effect of
alpha decay.

Motivated by the changes found in the half-lives,
we multiplied the alpha decay rates by a factor
of 100 for all Z > 82 nuclei. Although we have
found that for some nuclides, alpha decay rates
can be enhanced by a greater factor, even orders
of magnitude as in 2'2Po, we keep these conserva-
tive changes. To assess the effect of changing the
a-decay rates on the abundances, we use as a met-
ric the factor

F= ‘Y Ybase|’ (4)

Ybase

with Ypase being the baseline abundance. Figure 1b
shows the sensitivity factor F' (color scale) when the
alpha decay rate is increased by a factor of a hun-
dred, as described above. One can see that some of
the abundances of some of the stable heavy nuclei
are affected by changing the alpha decay rates.

Although the impact is, in most cases, modest,
keeping in mind that we altered the half-lives of
a small set of nuclei, the results motivate further
studies. We are mindful that not all half-lives will
decrease by the same factor. Also, we expect that
the impact will be different in other astrophysical
scenarios. However, as long as alpha emitters get
produced, there is a potential impact of the ther-
mally enhanced alpha decay rates on the r-process
element abundances evolution, which we will ex-
plore in future work.

2.2. Model for cluster decay
at elevated temperatures

Cluster radioactivity [16, 17|, which involves the
decay of a heavy parent nucleus into a light cluster
such as #C, 200, 2*Ne, etc., and a heavy daughter
nucleus, is usually not considered important due to
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its low branching ratio as compared to alpha decay
and is hence not included in r-process nucleosynthe-
sis calculations. However, considering the significant
sensitivity of alpha decay half-lives to the ambient
temperature, it seems worth investigating the same
in cluster decay. In case the cluster decay rates are
more strongly enhanced due to temperature, this
decay mode may play a competing role with alpha
decay at high temperatures.

In the absence of sufficient information on the
cluster decay rates of excited nuclei to daughters in
their ground or excited states, we propose a theoret-
ical model in order to estimate the change in decay
rates with the temperature of the surrounding. It
is based on a double folding model (DFM), which
has been shown in our earlier works [18, 19] to be
quite successful in reproducing the available alpha
and cluster decay rates measured on earth. We ex-
tend it within reasonable theoretical assumptions
to calculate the half-lives of excited parent nuclei
decaying to the ground and the excited states of
the daughter nuclei. The latter exercise is carried
out by relating the excitation energy of the nucleus
to a “nuclear temperature” and formulating a DFM
with temperature-dependent nuclear densities. The
excitation energy of the parent nucleus is incorpo-
rated through an effective @) value, which reflects
a shift in the energy of the tunneling light cluster
which is taken to be in its ground state.

Within a semiclassical framework, the sponta-
neous emission of a charged particle (or light nu-
cleus) can be described as a quantum tunneling
phenomenon of the particle through the Coulomb
barrier. This requires the assumption of a pre-
formed cluster of the emitted nuclei inside the par-
ent nucleus. Using the Jeffreys—Wentzel-Kramers—
Brillouin (JWKB) approximation [20], different
semiclassical approaches lead to the same expres-
sion for the decay width [21], I' = hln(2)/t;/2. In
order to extend the cluster decay half-life calcula-
tions to excited states, the excitation energy relative
to the ground state is included in both the energy
of the emitted cluster and the interaction poten-
tial. Therefore, the energy of the cluster is taken as
an effective @ value given by Qe = Q + E, — Ej} =
Q+AFE”", where E; and Ej are the excitation ener-
gies of the parent and daughter nuclei, respectively,
and AFE* is the difference between them.

The nuclear potential is calculated using a real-
istic nucleon—nucleon (NN) interaction folded with
the density distributions of both interacting nuclei
(i.e., the heavy daughter and the light cluster which
are preformed in the parent) [11, 21|. The excita-
tion energy effects are included via the nuclear den-
sity distributions defining a nuclear temperature T’
of the daughter nucleus as [22] E;(T) = §AT?
The temperature-dependent matter density distri-
bution, pq(r; E5(T)), of the excited daughter nu-
cleus is given as in [23, 24].

The nuclear potential is then obtained within the
double-folding model [25] as
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Vn(r; B5(T)) =/drc/drdpc(rc)vN(|S| =r+re—ral) pa (ra; E5(T)),

where the effective NN interaction based on the
M3Y-Reid-type soft core potential is used [25].

The excitation energy-dependent Coulomb po-
tential is evaluated in a similar manner by using
the T-dependent charge density distributions nor-
malized to the atomic number Z. Thus, the total
potential is given by

V(1 By, Ey) = A(Ey, E)) Vs (1 B3) + Ve (15 E3)

2 2

2ur? ) (6)
where r is the separation between the center of
masses of the cluster and the daughter nucleus. Note
that the usual centrifugal barrier has been replaced
by the Langer modified one [26] since the width
is evaluated within a semiclassical approximation.
The strength of the nuclear interaction, A (E;;7 E;),
is fixed by imposing the Bohr—Sommerfeld quanti-
zation condition. This also determines the depth of
the nuclear potential for different excited states of
the parent and daughter nuclei as

ro(E%,E5)

drk (7"; E;, E;) =
ri(Ey,EY)

where k(r; Ex, ) = \/% |V (r; B2, B3) — Qon| s
the wave number. The turning points, r;, depend
parametrically on the excited states through the
condition V' (TZ'; E7, E(’;) = Qeff, and n is the num-
ber of nodes of the quasibound wave function of
the light cluster-daughter nucleus relative motion.
This is expressed as n (G — 1), where G is
a global quantum number, and [ is the relative or-
bital angular momentum quantum number (see [19]
for details).

1

2

+ (I+

g(szH), (7)
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Fig. 2. Temperature dependence of the cluster de-
cay half-lives.
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(5)

(

We can now write the decay width for an excita-
tion energy-dependent double folding model within
the semiclassical JWKB approximation as

* e -1
T‘Q(EP,Ed)

h2
2
Ty (E; JE%)

dr

[EEi) = P N

« exp 72/ drk (rE5LE) |, (8)
r1(E5.E3)

with P, being the cluster preformation probability.
The excitation energy-dependent half-life is then
calculated as [27]

tiyo (B, E7) =

ra2(E, . Ey)

h1n(2)
T(E; B )

p>d

Since we will eventually be interested in the ratio
of the ambient temperature half-life to that at zero
temperature, for the sake of simplicity, we assume
that P. remains the same for all levels and cancels
in the ratio.

Once the half-lives dependent on excitation en-
ergies of the parent and daughter nuclei have been
calculated, one can use the following expression [7]
for the half-life of a nucleus at a given surrounding
temperature Ty, namely,

9p: P (—Ey, / (ks Ty))
t1/2 (E;z ? E;J)

-1

1

g

j

t12(Ts) =

(10)
where G = ), g, exp(—Ej;, /(kgTy)) is the stan-
dard partition function, and g,, = (2Jp, + 1) is the
statistical weight with .J,; being the spin of the par-

ent state p;. The half-life ¢, (E;i,E;j) is calcu-

lated using (9).

Results for a few cluster decays are displayed
in Fig. 2. The model predicts a sizeable decrease
in cluster decay half-lives with increasing tempera-
ture. The present model can, in principle, be used
to evaluate the temperature-dependent alpha decay
rates too, and a simultaneous calculation of the two
types of decay for the same parent nuclei will give
us an idea of whether the role of cluster decay as
compared to alpha decay changes at high tempera-
tures.

3. Conclusions

Nuclear decay half-lives at finite ambient temper-
atures have been estimated in the present work with
the objective of eventually including them in nucle-
osynthesis calculations of heavy elements. Alpha de-
cay half-lives evaluated within a statistical approach
using experimental data for the properties and half-
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lives of excited levels of nuclei display a strong de-
pendence on the surrounding temperature. The cor-
responding sensitivity factor shows that the abun-
dance of nuclei produced in r-process nucleosynthe-
sis, which takes place at temperatures of the order
of Giga Kelvins, can change even by two orders of
magnitude. Motivated by these findings, a model
for a similar calculation for light cluster decay is
proposed, and predictions based on this model are
presented. The inclusion of temperature-dependent
half-lives in the r-process nucleosynthesis codes by
formulating empirical formula to facilitate this in-
clusion for the decay rates of the hundreds of nuclei
involved is planned for the future.
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