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Abstract

About half of all elements heavier than iron-56 can be attributed to the rapid neutron-
capture process, or the r-process. While the underlying processes are understood, there
are still great uncertainties regarding where the r-process takes place and what site is most
important for creating r-process elements. This study examined the importance of the
masses of Sn-isotopes, with atomic mass numbers between A = 146 and A = 166, on the
final elemental abundance of the r-process in different simulated environments. The initial
temperature and mass density were varied to find the environment that depended most
strongly on the Sn-isotope masses. Furthermore, the importance of individual isotope
masses was tested in the most sensitive environment, by individually varying the masses
of the Sn-isotopes. The results indicate that certain environments, where more highly
neutron-rich nuclei are created, are more sensitive to the individual properties of heavy
Sn-isotopes. The results also suggest that some isotopes may have much larger importance
in the final abundance of the r-process. This provides a clue as to what isotopes are
most important to measure experimentally as technology advances, which may improve
the understanding of the r-process and potentially provide an answer to what the most

important r-process site is.
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1 Introduction

One of the most important, yet poorly understood processes responsible for the creation
of the elements in the universe is the r-process. The r-process, or rapid neutron-capture
process, is a process in which elements become heavier by rapidly absorbing, or capturing,
neutrons. While the synthesis of lighter elements, mainly hydrogen (H) and helium (He),
has been well understood for a long time, there is still a lot of uncertainty regarding
the synthesis of elements heavier than the iron isotope iron-56 (56Fe). Understanding the
underlying processes of the creation of these elements does not only provide insightful
clues to aid the understanding of physics in general but develops the understanding of
the history of the Milky Way and the solar system. This section covers the necessary
theoretical background, the simulation code that was used, and explains the aim of this

study.

1.1 Theory

The creation of elements heavier than iron-56, specifically through the r-process, is an
active area of research [1, 2, 3, 4|, incorporating both nuclear and astrophysical research.
In this section, a brief summary of nucleosynthesis is provided. Furthermore, the relevant
processes in the r-process are presented. Lastly, the limitations of the current knowl-
edge regarding the r-process from an astrophysical as well as a nuclear perspective are

explained.

1.1.1 Background

It has long been understood that the synthesis of light elements occurred in the first few
minutes following the Big Bang [5], through a process called the Big Bang Nucleosynthesis
(BBN) [6]. This process is very well understood, as it is comparatively easy to simulate,
and the properties of involved elements can be measured experimentally |7]. The BBN

started when the universe had existed for only a few tenths of a second [8]. During BBN, a



plethora of nuclear reactions were taking place, as atomic nuclei formed from the protons
and neutrons available [9]. Through fusion of different nuclei, hydrogen, helium, lithium
and beryllium were formed in different amounts. After approximately 20 minutes, the
universe had expanded and cooled to the point that BBN reactions ceased [8]|. Because
the BBN occurred during a short time frame, hydrogen was most abundant when the BBN
stopped, followed by helium [9]. The high abundances, or number of nuclei, of hydrogen
and helium predicted by the BBN theory agree well with observations [10], making the
BBN theory a widely accepted theory.

A few hundred million years after the Big Bang, the first stars began to form [11].
Inside these stars, energy is released mainly through fusion, which is when two nuclei
combine into one while releasing energy [12]. The main fusion processes combine hydrogen
nuclei to form helium. Helium nuclei are also combined to form heavier nuclei, such as
carbon and oxygen [12]. However, fusion does not create elements heavier than iron-56,
as this is the most stable nucleus. Simultaneously, a process called the s-process, or the
slow neutron-capture process, takes place. In the s-process, nuclei capture free neutrons
to gain mass, and subsequently undergo 5~ -decay to become a different element [13|. The
s-process can create elements much heavier than iron-56, but does not explain the total

abundance of these heavier nuclei.

1.1.2 r-process

The creation of about half of all elements heavier than iron-56 can be attributed to the
rapid neutron-capture process, which is usually called the r-process [1]. This is a process
in which atomic nuclei, called seed nuclei, capture neutrons and become heavier, similarly
to in the s-process. In the reaction, a seed nucleus captures a neutron and releases energy
in the form of electromagnetic radiation. This nuclear reaction can be written as (n,7),
or

72X +n — X 4, (1)



where X is the chemical symbol of the element, Z is the atomic number, A is the atomic
mass number, n is a neutron, and + is the emitted electromagnetic radiation [14]. The
atomic mass number A is equal to Z + N, where N is the number of neutrons in the
nuclei.

When a nucleus is unstable due to a great excess of neutrons in the nucleus, it may
undergo a process known as 5 -decay [15]. During this process, a neutron in the nucleus
converts to a proton by emitting an electron, e, and an electron anti-neutrino, 7,. The

B~ -decay process can be expressed as the nuclear reaction

éX — Z—SY =+ e _'_ge? (2)

from which it is evident that the element changes during S~ -decay, though the atomic
mass number, A, remains constant [14]. Throughout the rest of this paper, any mention
of f-decay refers to S~ -decay, specifically.

During the r-process, the rate of incoming neutrons, called the neutron flux, is very
high in comparison to the s-process [2]. While the s-process occurs during the normal
life of a star when the neutron flux is relatively low, the r-process occurs in an explosive
environment with very high neutron flux [2]. If a time scale, 7, is the approximate
time required for an additional neutron to be absorbed, and 75 is the time scale for /-
decay to occur, it is true for the r-process that 7, < 75 [14]. The time scale 7,, depends
strongly on the environmental neutron flux, while 75 is determined by the composition
of the nucleus, often called the nuclear species [14]. This means that as long as there is
sufficient neutron flux, the neutron capture process will proceed much faster than the
[-decay, and dominate the r-process mechanism. For comparison, the opposite is true in
the s-process; As 7,, > 74, the process evolves very slowly, and any neutron capture is
immediately followed by (S-decay [14].

While nuclei absorb neutrons by neutron capture, there will be an opposite reaction,

known as photodisintegration, caused by 7-rays emitted by the high-temperature matter



in which the r-process should take place. In the reaction, the y-rays are absorbed by a
nucleus, which causes it to decay by emitting a neutron. This nuclear reaction can be

expressed as

X4y — Y X 4, (3)

and is also written as (v, n) [14].

With sufficient neutron flux, a given element will capture neutrons, so that different
isotopes are created along an isotope chain. As more neutrons are absorbed in the (n,7)
reaction, the nucleus generally becomes more unstable. If a nucleus created in the process
is very unstable, it is more likely to undergo (v, n) photodisintegration. Because of this, a
(n,y) = (7,n) equilibrium can occur [2]. A (n,7) = (v, n) equilibrium along an isotope

chain is shown in Figure 1. It should also be noted that there exists an upper limit to
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Figure 1: Neutron capture-photodisintegration equilibrium in an isotope chain of atomic
number Z, shown in the NZ-plane. Neutron capture, (n,v), moves the nucleus to the
right in the N-direction, while photodisintegration, (v, n), moves the nucleus to the left
in the N-direction.

the number of neutrons a given element can contain, known as the neutron drip line. If
a nucleus reaches the neutron drip line, it will very quickly decay back by emitting a
neutron or proton.

When equilibrium occurs, the most stable isotope will have a lower probability, usually
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called cross-section, of neutron capture or photodisintegration. This means that these
isotopes will have a relatively high abundance, as they are unlikely to undergo neutron
capture or photodisintegrate. At the same time, their higher abundance will cause them
to have a greater rate of S-decay than other isotopes in the isotope chain. The equilibrium
is maintained until S-decay occurs, which transfers a nucleus from one isotope chain to
one of a higher atomic number, forming the r-process path [2|. These processes are shown
in Figure 2, which shows a general path of the r-process, with (n,v) = (v,n) equilibrium

in the isotope chains.
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Figure 2: Neutron capture-photodisintegration equilibrium in multiple isotope chains of
atomic numbers, Z, Z + 1 and Z + 2, shown in the NZ-plane. Neutron capture, (n,7),
moves the nucleus to the right in the N-direction, while photodisintegration, (v, n), moves
the nucleus to the left in the N-direction. Beta-decay, §~, moves the nucleus from one
isotope diagonally upwards and left in the NZ-plane, to a new isotope chain. These
processes collectively form the r-process path.

The high neutron flux associated with r-process environments is transient. The neu-
tron flux depends on the mass density, p, of the matter where the r-process occurs [16].
When p decreases because of expansion of the matter, the neutron flux will decrease as
well. As the neutron flux decreases, the amount of neutron capture decreases and the
nuclei undergo -decay instead. Over a long time, the nuclei will decay to stable isotopes,

which mark the final abundance of the r-process.



1.1.3 Astrophysical Sites of r-process

Some of the most poorly understood aspects of the r-process are the sites in the universe
at which it takes place, and which sites are the most important for the formation of
r-process elements. Neutrino driven winds (NDWs) were for many years believed to be
the main site of the r-process [2]|. Following a supernova, in which a star explodes and
leaves behind a neutron star, the extremely dense neutron star is believed to cool down by
emitting a large amount of neutrinos. These neutrinos may interact with matter, and may
cause neutron-rich matter in the neutron star to be ejected. These neutron-rich winds will
then provide a possible environment for the r-process to take place, as the neutrino driven
winds collide and interact with the nuclei from the supernova. However, new research has
shown that NDWs are unlikely to be the main r-process site, but it may still be the site
of a weak r-process, in which elements with masses up to A ~ 125 are created [2].

One of the most plausible main r-process sites is the ejected matter from binary
neutron star mergers (BNSMs). During a BNSM, tidal forces can cause neutron-rich
matter to be ejected from the neutron stars, and additional ejecta can be produced at
the contact point between the two neutron stars [2]. The neutron-rich matter is believed
to be a prime candidate for the r-process sites, because of its ability to create even
the heaviest r-process element, uranium [4]. Observational data of gravitational waves
from Advanced Laser Interferometer Gravitational-wave Observatory (LIGO) and Virgo,
together with electromagnetic observations from BNSMs have confirmed that BNSMs are

a source of heavy r-process elements [4, 3, 17].

1.2 Simulation Code

The nucleosynthesis code r-Java can be used to run r-process simulations [18, 19|. The
r-process simulations can be run using a full network simulation, or a waiting-point ap-
prozimation (WPA). WPA approximates the system to be in (n,v) = (v, n) equilibrium.

This is a plausible assumption at sufficiently high temperatures and neutron densities, as



the rate of S-decay is much slower than that of neutron capture and photodisintegration.
For this reason, WPA can only be run with temperatures 7' > 2 x 10° K and neutron den-
sities n,, > 1x10%° cm ™. The temperature notation Ty = 2 is equivalent to T = 2x 10° K,
and will be used throughout this paper. The WPA relies only on the temperature, the
neutron density n,,, and the neutron separation energy .S,,, which is the amount of energy
needed to remove a neutron from the nucleus [19]. The WPA lowers the computational
demands and greatly decreases the simulation time, while maintaining, for the purposes

of this study, sufficiently accurate results.

1.3 Previous studies

During the r-process, very neutron-rich isotopes of heavy elements are created. Because
these isotopes are very unstable, there are very strict limitations on the ability to measure
their properties experimentally. As new facilities for measuring the nuclear properties of
very neutron-rich nuclei are constructed [20, 21|, however, it is important to know which
isotope measurements should be prioritised.

Previous studies have used simulations to examine the effect of individual nuclear
masses, as well as the effect of other individual nuclear properties, such as f-decay rate [22,
23]. These studies found that many Sn-isotopes, as well as other isotopes, are important
for the final abundance of the r-process. The most important isotopes generally have, or
are close to, a closed shell structure, which means that their nucleus has a particularly
stable structure. A closed shell occurs when either the Z or N of a nucleus has a value of
2, 8, 20, 28, 50, 82 or 126 [24]. Given that Sn has 50 protons, all Sn-isotopes have a closed
shell structure, making them especially stable, which may contribute to their importance
in the r-process. The studies have analysed a great number of isotopes, but have not,
however, examined the heaviest Sn-isotopes, close to the neutron drip line [22, 23|.

In these studies, the F'-value, which is calculated as

F =100 Z |Xbaseline(A) - XAm(A)| (4)
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is used as a measure of difference between r-processes with different nuclear masses [22,
23]. The mass fraction X (A) is the fraction of the total mass that is attributed to nuclei
with atomic mass number A. This compares the mass fraction, Xy, ,.ine(A), in a simulation
with nuclear masses in accordance with the used mass models, with the mass fraction,

Xam(A), in a simulation with adjusted nuclear masses.

1.4 Aim of Study

This study aims to determine which r-process environment, with regard to initial temper-
ature and mass density, is most sensitive to the masses of Sn-isotopes, specifically those
with atomic mass numbers between A = 146 and A = 166. This is done by simulating the
r-process using r-Java and varying the initial temperature and density, and comparing
the final abundances of the r-process with and without varied masses of the Sn-isotopes.

Furthermore, this study will examine which individual Sn-isotope masses are most crit-
ical for the final abundance in the most sensitive environment. This is done by simulating
the r-process and determining the impact of Sn-isotopes by varying a single Sn-isotope

mass for each simulation.

2 Method

Using r-Java, r-process WPA simulations were run to quantify the difference that the
masses of Sn-isotopes, with atomic mass numbers between A = 146 and A = 166, have on
the final abundance of the r-process. The differences between simulations were calculated
as F-values using Equation (4). For all simulations, an electron fraction, Y, = 0.15 was
used. The electron fraction can also be described as the ratio of the number of protons
to the total number of nucleons, Z/A. Thus, a lower value of Y, means that the matter
is more neutron-rich. The value of Y, = 0.15 was used as it is within the commonly
predicted Y,-values for BNSMs, as well as for NDWs [2|. Furthermore, all simulations

assumed that the seed nuclei consisted entirely of *°Se [25].



2.1 Temperature and Density Variations

Simulations to quantify the sensitivity to Sn-isotope masses in different environments
were run by varying the initial temperatures and densities of the simulations. Simulations
were run for three different initial temperatures, Ty, = 2, Ty = 3 and Ty = 4, and six
different initial densities py = 1 x 10" gem ™, py = 1 x 10°gem ™, py = 1 x 10° gem ™,
po =1x10"gem™, and p; = 1 x 10" gem ™. For a given temperature and density,
a baseline simulation was run using the Hartree-Fock-Bogoliubov 21 mass model (HFB-
21), which is a mass model for predicting nuclear masses near the neutron drip line
[26, 27, 28]. Another simulation, using HFB-21, but with masses increased by 20 MeV for
all Sn-isotopes between A = 146 and A = 166. The mass change is given in MeV because
a changed mass affects the energy with which particles in the nucleus are bound. The

impact of the changed masses was quantified using the F-value.

2.2 Mass Variations

For the temperature and density of highest sensitivity to the Sn isotope masses, additional
simulations were run. The mass of a single Sn-isotope between A = 146 and A = 166 was
increased by 20 MeV for each simulation. Thus, the impact of the mass of each Sn-isotope
could be quantified by the F-value. For the baseline simulation HFB-21 was used, and the
simulations with mass variations used HFB-21 with individual isotope masses increased

by 20 MeV.

3 Results

This section covers the results from the simulations. First, the results from simulations
with varied initial temperatures and densities are presented. Second, the results from the

simulations with individually varied isotope masses will be presented.



3.1 Temperature and Density Variations

The results indicate that using an initial temperature Ty, = 2 and density p, = 1 X
10" g em™? created the environment most sensitive to variations in the Sn-isotope masses.
As shown in Figure 3, only 9 environments yielded results, as the numerical methods of
r-Java could not compute results for all initial temperatures and densities. A full table of

the F-value for each environment is provided in Appendix A.
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Figure 3: Using 15 different initial temperature and density configurations, the impact of
nuclear masses for Sn-isotopes with atomic mass numbers between A = 146 and A = 166
was quantified by simulating the r-process. Only 9 simulations yielded results, as r-Java
could not compute results for all environments. For each environment, the F-value, which
is the difference in final abundance between the baseline case and the case with changed
masses, is shown.

3.2 Mass Variations

The results of the mass variation simulations indicate that a mass increase of 20 MeV has
a large impact on the final abundance of the r-process, for a lot of Sn-isotopes heavier than

A = 146. Figure 4 shows the F-value of each isotope when its mass has been increased.
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There are some isotopes, such as *2Sn and '®*Sn for which the F-value is significantly

F-value for individually increased masses of Sn-isotopes

146 147 148 149 150 151 152 153 154 155 156 157 158 159 160 161 162 163 164 165 166
A

10!
F-value

Figure 4: For an initial temperature Ty = 2 and density p, = 1 x 10'® g cm ™, simulations

were run for 21 different mass configurations and compared with a baseline case. By
increasing the mass of one isotope for each simulation by 20 MeV, the final abundances
could be compared with the baseline case. The figure shows the F-value for each isotope,
indicating the size of the difference to the baseline case.

smaller than others. Similarly, there are a few isotopes for which the F-value is very high,
such as '™Sn, 'Sn, and '*Sn. A full table of F-values for each isotope is provided in

Appendix B.

4 Discussion

The results demonstrate the impact of both nuclear and astrophysical conditions during
the r-process. While both these factors remain largely uncertain, new discoveries may im-
prove the understanding of the r-process. The new LIGO and VIRGO observational data,
together with electromagnetic observations [17, 3|, may improve the understanding of the
astrophysical conditions of BNSMs, which is believed to be the one of the most plausible
r-process sites. Furthermore, new facilities such as Facility for Rare Isotope Beams at
Michigan State University and Facility for Antiproton and Ion Research in Darmstadt,
Germany will be able to provide new observations of nuclear properties |20, 21|, which

will facilitate the formulation of improved mass models and r-process simulations.
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4.1 Temperature and Density Variations

Though only 9 of the 15 simulations pertaining to temperature and density variations
yielded results, the results indicate that a lower temperature of Ty = 2 is more sensitive
to the masses of the Sn-isotopes, as the F-value in Figure 3 increases with decreasing
temperature. Though this should not be considered a general correlation, it may have a
physical explanation. As the temperature increases, the (v, n)-photodisintegration rate
should also increase, due to higher amounts of v-rays being emitted at higher tempera-
tures. Higher photodisintregration rates may cause the r-process path to remain further
from the neutron drip line, which would also cause the Sn-isotopes to have a smaller effect
on the r-process.

Similarly, because the neutron flux depends on the mass density, a higher initial mass
density, py, will result in a higher neutron flux. A higher neutron flux will increase the
amount of neutron capture, bringing the r-process path closer to the neutron drip line.
Therefore, an environment with higher initial density should be more sensitive to the
mass of the Sn-isotopes, though this is contradicted by the results for Ty = 2 as shown in
Figure 3. This is attributed to the fact that a temperature of Ty, = 2 and initial density
po =1x 10" gem™ creates an r-process path that is “pushed” toward the neutron drip
line, such that the lightest Sn-isotopes with changed masses do not impact the r-process
as much.

To summarise, the F-value distribution shown in Figure 3 could be explained by

taking into consideration the factors that can affect the r-process path.

4.2 Mass Variations

From the simulations pertaining to mass variations, it is evident that different isotopes
seem to play a very different role in the r-process. Of the 21 isotopes whose masses were
changed, 13 had an F-value above 30. The mass increase of 20 MeV can be considered

large, and similar studies have used significantly smaller mass changes [23]. We may,
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however, conclude that some isotopes have a significantly larger impact on the r-process
than others, and may thus be considered as more important to study experimentally.
The nuclei of *'Sn, 2Sn, *°Sn, %Sn, '%°Sn, '%‘Sn, and '°°Sn all had F-values greater
than 38. However, the F-values should, to an unknown extent, have been affected by
the environment, and comparisons among the isotopes may be specific to the simulated

temperatures and densities.

4.3 Further Research

Future studies should take into consideration the astrophysical candidates, such as BNSMs
and NDWs; to find simulation parameters that reflect the understanding of the astrophys-
ical environment during the r-process. This could yield more conclusive results as to what
isotopes are important to measure to improve both the understanding and simulations of
the r-process as a whole. Such understanding and simulations could also provide a con-
clusive answer as to which potential r-process site is the most important. Simulating the
individual mass changes in many different environments could also provide more general
results regarding the importance of different isotopes.

Furthermore, more accurate results could be obtained by including other properties
in the mass changes. As the mass is increased or decreased, the [-decay rates, neutron
capture rates, and photodisintegration rates should also be affected. Estimations of these
changes based on the changed masses could provide further improvements upon the re-

sults.

4.4 Conclusion

This study has identified that the importance of nuclear masses for specific nuclei depends
on the environment in which the r-process occurs. The results indicated that an initial

3

temperature Ty = 2 and initial mass density p, = 1 x 10 gem™ created an r-process

environment in which heavy Sn-isotopes have a large effect on the final abundance. This
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study also compared the effect of individual Sn-isotope masses in this environment on
the final abundance. These results demonstrated that there is a large difference among
different isotopes in their importance for the r-process abundances.

These results are important as new technology enables us to experimentally measure
the properties of further heavier nuclei. Primarily, however, further research should con-
tinue this search of critical nuclei, by comparing the impact of the individual isotopes in

different astrophysical environments.
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A F-values for Temperature and Density Variations

Table 1: The F-value for different initial environments when the masses of Sn-isotopes
with atomic mass numbers between A = 146 and A = 166 were increased by 20 MeV.
The final abundances were compared to a simuation with the same initial parameters,
but with no masses changed.

po (gem™) T (10°K) F-value
1x 107 2 NaN
1x107 3 0.0001322
1x 107 4 NaN
1x10% 2 NaN
1x10® 3 0.06671
1x10% 4 0.000002377
1x10° 2 NaN
1x10° 3 NaN
1x10° 4 0.2397
1 x 10" 2 10.45
1 x 10" 3 3992
1x 10" 4 NaN
1 x 10" 2 7.142
1 x 10" 3 5.990
1 x 10" 4 1.463
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B F'-values for Mass Variations

Table 2: The F-value for each isotope as its mass was increased by 20 MeV. The simula-

tions were run with initial parameters Ty = 2 and py = 1 x 10 gem™

3

, and compared to a

baseline simulation with no changed masses. The F-value was calculated using Equation

(4).

Nucleus F-value
165 4.279
1479 33.93
1489 33.48
1199 2.373
1508 33.70
Blgy 38.28
%29n 38.53
1939 3.377
S 32.60
1959 38.13
1569 7.139
S 33.76
198g 4.370
1999 38.13
1609 38.36
019y 6.743
1625 7.214
1635y 1.875
164g 38.20
165G 34.01
1665 38.65
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