
ABSTRACT

BEUN. JOSHUA B. Neutrinos, Neutron Capture, and Fission Cycling: Consequences
for Supernova Nucleosynthesis. (Under the direction of Professor G. C. McLaughlin).

A long-standing problem in the field of nuclear astrophysics is the question of

which astrophysical environment(s) serves as a host to the elemental production pro-

cess known as the r-process. The r-process is the sequence of nuclear reactions that

is responsible for producing the heaviest elements in nature and generates about half

of the solar system abundance of nuclei with A ≥ 100. While the basic recipe for

generating r-process elements is understood, the production of heavy nuclei through

repetitions of neutron capture and β-decay, determining the astrophysical production

site of the r-process has remained elusive. We examine how the r-process environment

would be affected by the presence of a sterile neutrino, and we find that the resulting

conditions yield an r-process that can reproduce the observed r-process abundance

pattern more closely than other models of the r-process. We explore the r-process

under conditions where both fission cycling and steady-β flow obtain and find that

these mechanisms can jointly operate in the r-process to yield an abundance pattern

that reproduces the features of the halo star data. We have examined the role that

individual neutron capture cross sections play in the r-process and, contrary to con-

ventional wisdom, find that the evolution of the r-process is sensitive to the neutron

capture cross sections of certain, critical nuclei.
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Chapter 1

Introduction

The foundations of the current understanding of the formation of the elements

rest largely on the seminal work by Burbidge, Burbidge, Fowler, and Hoyle (B2FH)

[8]. In their work, B2FH outlined the astrophysical production sites and nuclear

reaction mechanisms responsible for producing the quantities of the elements found

in nature. The process thought to produce the heaviest elements in nature, known as

the r-process, is responsible for the formation of about half of the solar abundance of

elements with mass number A > 100 [9]. B2FH postulated that an explosive, neutron-

rich environment would be necessary for the production of these elements. Although

there are many astrophysical candidates that could act as a potential host(s) for the

r-process, none possess all of the essential ingredients necessary for r-process element

production.

In this chapter, a summary of the principles of the r-process is presented, fol-

lowed by an overview of the neutrino-driven wind environment of the core-collapse

supernova, a promising r-process candidate site. Next, the details of our calculation

of r-process element abundances in the neutrino-driven wind environment are pro-

vided. Lastly, some recent developments in the r-process are discussed along with

an overview of the methods employed in this work to explore these issues. We dis-

cuss an impediment to the r-process in the neutrino-driven wind that results from

the reduction of the free neutron abundance by the α effect. Then, we describe how

the consistent pattern of r-process element abundances found throughout the halo
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star data may point to the presence of the operation of fission cycling during the

r-process. Finally, we discuss how the neutron-capture cross sections of critical nuclei

may influence the r-process and present the implications this has on the nuclear data

needs of the r-process. Additional details of the r-process may be found in the recent

r-process review articles [10, 11, 12].

1.1 Formation of the Heavy Elements

Following the Big Bang, the primordial composition of the elements consisted of

mainly Hydrogen, Helium, and Lithium. The production of the elements lighter than

Iron (Z < 26) were constructed from these original building blocks and proceeded

mostly through nuclear reactions involving charged particles, the fusion of α particles

for example. These reactions took place in the hot, dense environments of stars.

As the stars progressed along their evolutionary path, heavier and heavier elements

were formed, a consequence of the higher temperatures and densities found in the

subsequent stages of stellar evolution. Once the core of a star burns to Iron, stellar

nuclear burning no longer generates the energy a star requires to sustain itself against

gravity and, in fact, requires energy. This tipping point in the sequence of energy

generation of stellar burning, along with the energetics required to overcome the

Coulomb barrier of nuclei with increasingly larger proton number, Z, prevent stellar

burning from producing the heaviest elements in nature.

Neutron-capture provides a mechanism for accumulating nucleons onto the nu-

cleus and producing the heaviest elements in nature. Additionally, the neutron carries

no charge, allowing it to capture onto nuclei that contain large numbers of protons

without experiencing the repulsive force of the Coulomb barrier. Nucleosynthesis

cannot proceed through neutron-capture alone as this mechanism does not increase

the total proton number inside the nucleus, however. In order to increase both

the atomic weight, A, and atomic number, Z, through a neutron-capture process,

neutron-capture must be paired with a second reaction, β-decay. A proton is pro-

duced by β-decay from the decay of a neutron. This combination of neutron-capture

and β-decay allows the nucleus to effectively capture a proton as a result of neutron-
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capture, and provides a neutron-capture mechanism for the production of the heavy

elements.

B2FH found evidence for the operation of a neutron-capture process from abun-

dance distributions of the elements that featured material accumulating near the

closed neutron shells of N = 50, 82, and 126. Nuclei at the closed neutron shells are

relativity stable, and the net capture of neutrons here is low. As a result, r-process

nuclei will accumulate here. The observation of two sets of nuclei strongly peaked

at each of the three closed neutron shells pointed to the presence of elements formed

from two distinct neutron-capture processes, see Fig. 1.1. The location of the peaks

near the closed neutron shells depends on the relative speed of neutron-capture with

respect to β-decay of the production process. For a process where neutron-capture is

slow compared to β-decay, these peaks form at a larger A, and this process is known

as the s-process. Conversely, the peaks at lower A result from a process where neu-

tron capture is rapid compared to β-decay. This is known as the r-process. Details on

both the observations of neutron-capture elements and the separation of individual

s-process and r-process patterns are found in [11, 12].

The slow rate of neutron-capture during the s-process, approximately one capture

per 100,000 years [8], results in the s-process primarily forming the heavy neutron-

capture elements near the path of β stability. The location of the s-process remains

near β stability as an s-process nucleus will β-decay before a second neutron can be

captured. The structure of the s-process abundance pattern is shown in Fig. 1.1.

The s-process cannot produce any nuclei past Lead-208 as the next reaction sequence

of a neutron-capture followed by a β-decay leads to the production a nucleus that is

α unstable. This α emitter terminates the s-process.

Unlike the s-process, the location of the elements formed by the r-process can

extend away from the valley of β stability and can reach near the neutron drip line

as a consequence of the rapid accumulation of neutrons that occurs during the r-

process. This flight from stability can only be sustained by the presence of a large

abundance of free neutrons. Once this supply of neutrons is depleted, the r-process

elements return to stability through β-decay. In the r-process, the return to stability

from very neutron-rich elements results in the production of the most neutron-rich
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Figure 1.1: Abundance distribution of neutron-capture elements from the s-process
and the r-process. The signature of a neutron-capture processes is the accumulation
of material at the closed neutron shells of N = 50, 82, and 126. At a closed shell, the
faster neutron-capture in the r-process results in abundance peaks that are lower in
A than the peaks of the s-process. Figure from Sneden and Cowan 2003 [1].

isobar for each stable element in A. Similar to the s-process, large peak features are

found in the abundances of r-process elements. The three main r-process peaks occur

at A ∼ 80, 130, and 195 which correspond to the first, second, and third peaks of

the r-process respectively. The three r-process peaks are coincident with the closed

neutron shells at N = 50, 82, and 126. The peak structure of the elements produced

by the r-process is shown in Fig. 1.1.

1.2 The Classical r-process

The classical r-process is a model of the r-process under conditions where ana-

lytical expressions can adequately describe the evolution of the nuclear abundance.

The principle nuclear reactions that participate in the classical r-process are neutron-

capture, photo-dissociation, and β-decay. When the r-process occurs in environments

with temperatures of T9 & 1, where T9 is in units of 109 K, and neutron number den-
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sities of nn & 1022 cm−3, where nn is defined as the neutron number density, neutron-

capture occurs on a timescale much faster than β-decay, even as the location of the

r-process path moves away from the valley of β stability [13]. The r-process path

consists of the most abundant isotope in each isotopic chain along Z. The timescale

of the r-process can be estimated from the summation of the β-decay lifetimes along

the r-process path and is on the order of seconds [14].

A nucleus in the r-process will typically capture multiple neutrons before it un-

dergoes β-decay. The total number of neutrons that a nucleus can capture is limited

by the binding energy of the particular nucleus. The binding energy reaches zero

at the neutron-drip line, whereupon no additional neutrons can be added. Addi-

tionally, photo-dissociation, the reverse process of neutron-capture, works to prevent

the capture of neutrons. Under neutron rich conditions in the r-process, the rate of

neutron-capture and the rate of photo-dissociation along an isotopic chain can become

approximately equal, leading to the condition known as (n, γ) � (γ, n) equilibrium.

For an r-process under (n, γ)� (γ, n) equilibrium, the abundance of nuclei along an

isotopic chain is set by (n, γ) � (γ, n) equilibrium and the net amount of β-decay

between isotopic chains determines the flow of material along the r-process. As the

supply of free neutrons is diminished, (n, γ) � (γ, n) equilibrium can no longer be

maintained. The rate of neutron-capture and photo-dissociation becomes negligible

and the r-process nuclei back to stability through β-decay.

The r-process path is useful in describing the location of the r-process nuclei

during their travel towards the neutron-drip line and in their return to the valley of

β stability. The r-process path consists of the most heavily populated nucleus for

each isotopic chain in Z. When the r-process is in (n, γ) � (γ, n) equilibrium, the

path, known as the equilibrium path, contains the set of waiting point nuclei. The

equilibrium path of the r-process is useful as its location can be predicted from the

results of detailed balance.

Starting from detailed balance, the relationship between the abundances of adja-
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cent nuclei in an isotopic chain can be determined

Y (Z,A+ 1)

Y (Z,A)
=

nn〈vσn,γ(Z,A)〉
λγ,n(Z,A+ 1)

= nn

(
2π~2

mukT

)3/2(
A+ 1

A

)3/2

×
G(Z,A+ 1)

2G(Z,A)
exp

[
Sn(Z,A+ 1)

kT

]
(1.1)

where Y (Z,A) is the abundance, nn〈vσn,γ(Z,A)〉 is the thermally averaged neutron-

capture rate, λγ,n(Z,A) is the photo-disintegration rate, k is the Boltzmann constant,

T is the temperature, ~ is the Planck constant, G(Z,A) is the nuclear partition func-

tion, mu is the atomic mass unit, and Sn(Z,A+ 1) is the neutron separation energy.

The most abundant isotope in each isotopic chain of Z has a neutron separation

energy of

S0
n ≈ kT ln

[
2

nn

(
mukT

2π~2

)3/2
]

=

(
T

109 K

){
2.79 + 0.198

[
log

(
1020 cm−3

nn

)
+

3

2
log

(
T

109 K

)]}
(1.2)

where the second line is in units of MeV. S0
n results from Eq. (1.1) by approximating

the adjacent abundances as equal as well as approximating the mass number and

nuclear partition function as equal. The most abundant isotopes will all have the

same neutron separation energy, and this value lies between 2 − 3 MeV during the

r-process [15].

When the r-process has a sufficient pool of seed nuclei to draw from, an additional

equilibrium condition forms known as steady-β flow. When the r-process is under

steady-β flow, a consistent r-process abundance pattern emerges between pairs of

closed neutron shells, and the abundances between individual isotopic chains corre-

spond to their β-decay rates,

λβ(Z − 1)Y (Z − 1) = λβ(Z)Y (Z), (1.3)

where Y (Z) =
∑

A Y (Z,A) and λβ(Z) =
∑

A λβ(Z,A)Y (Z,A)/Y (Z) where λβ(Z,A)

is the β-decay rate of the nucleus (Z,A). Under conditions where a steady supply
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of seed nuclei were available for the r-process, Kratz et. al 1993 found that steady

flow formed between the closed neutron shells, 50 < N ≤ 82 [16]. Similarly, steady-β

flow abundance patterns that form between the second and third r-process peaks are

a consequence of the slower β-decay rates of the “waiting point” nuclei at N = 82

and 126. Under steady-β flow, the r-process abundance pattern is set by the relevant

nuclear properties rather than by the astrophysical conditions.

Under very neutron-rich conditions, the r-process can reach nuclei with Z ≥ 80

that are subject to fission [11]. Once these nuclei fission, their fission products become

the seeds of the r-process itself, producing a cyclic flow of material between the nuclei

that are undergoing fission and their fission fragments. We introduce the idea of fission

cycling in the r-process with a simple model of the r-process under (n, γ) 
 (γ, n)

equilibrium, and with the fission event occurring in coincidence with the β-decay of

the heaviest waiting-point nucleus with proton number, Zf . The heaviest waiting-

point nucleus is taken to fission into two distinct fragments with proton numbers,

Z1 and Z2 (Z2 > Z1), respectively. Once a sufficient amount of time has passed,

and after nuclei below Z < Z1 have been depleted by neutron-capture and β-decay,

the abundances along the r-process may be analytically determined. In between the

isotopic chains of the fission fragments, Z1 < Z < Z2, and for all of the isotopic chains

above the heavier fragment, Z2 < Z ≤ Zf , the rate of change in the abundance of an

isotopic chain is

Ẏ (Z) = λβ(Z − 1)Y (Z − 1)− λβ(Z)Y (Z) (1.4)

In addition, the rate of change for the isotopic chains that contain the fission frag-

ments, Z1 and Z2, are

Ẏ (Z1) = λβ(Zf )Y (Zf )− λβ(Z1)Y (Z1), (1.5)

Ẏ (Z2) = λβ(Zf )Y (Zf ) + λβ(Z2 − 1)Y (Z2 − 1)− λβ(Z2)Y (Z2). (1.6)

The formation of a steady state set of abundances can be achieved after a few fission

cycles as the flow at the bottom of the r-process, at the lower proton numbers, Z1

and Z2, by fission, is fed by the fission products of Zf . The fission cycling process can

result in a robust r-process pattern between the second and third r-process peaks at

A ∼ 130 and 195 [17].
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Late in the r-process, the number of available free neutrons wanes and the tem-

perature falls as a function of time. The r-process enters the freeze-out phase, and

neutron-capture occurs at slower and slower timescales. The start of freeze-out is

typically marked by

R =
Yn

ΣiYi
∼ 1, (1.7)

where Yn is the free neutron abundance and ΣiYi is the sum of the abundances of

the rest of the nuclear species that are participating in the r-process. The ratio of

the free neutron abundance and the sum over the remainder of the nuclear species is

known as the neutron to seed ratio, R. Over the course of freeze-out, the analytical

expressions employed above to describe the r-process become less effective and break

down, particularly the above assumptions involving (n, γ) � (γ, n) equilibrium due

to the lack of sufficiently neutron rich conditions. To accurately track the evolution of

the r-process abundances during the freeze-out epoch, it is necessary to perform full

network calculations that can account for the individual r-process reactions without

assumptions of reactions in equilibrium.

1.3 The Neutrino-Driven Wind Environment

Proposed sites for the r-process include the neutrino-driven wind of a core-collapse

supernova [18, 19, 20, 21, 22, 23, 24, 25, 26, 27], a prompt explosion from a low mass

supernova [28, 29], neutron star mergers [30, 31, 32, 33, 34, ?], a collapsar from a

massive stellar progenitor [35, 36], and the shocked surface layers of the post-collapse

O-Ne-Mg Cores [37, 38]. No single site is currently thought to contain all of the

essential ingredients for the r-process, however. A promising candidate for the r-

process, neutrino-driven wind environment, is explored throughout this work, and

an outline of the neutrino-driven wind environment is presented here to highlight

the critical features most important to the production of r-process elements. For a

complete review of both the neutrino-driven wind and the core-collapse supernova

environment, see [11, 39].

The core-collapse supernova is a candidate host site of the r-process that is fa-
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vored as its expected production of r-process elements is consistent with the r-process

material production found in the second and third peaks of the solar system r-process

abundances. To meet this requirement, a supernova must eject ∼ 10−6–10−5M� of

r-process material, where M� is the mass of the sun [22, 27]. This is consistent with

the amount of material expected to be ejected post-core bounce from the gravitational

well of the protoneutron star. This material is ejected as a consequence of neutrino

interactions participating in what is known as the neutrino-driven wind. In order for

a nucleon to be ejected from the protoneutron star, it must gain about ∼ 200 MeV

of energy. As each nucleon gains on the order of ∼ 20 MeV with each successive

interaction with a neutrino, about ten neutrino-nucleon reactions are required to lift

nucleons out of the gravitational well of the protoneutron star.

The neutrino-driven wind environment forms out of the final stellar evolution-

ary stages of a massive star. Stars with over ten times the mass of our own sun,

M & 10M�, progress through the stages of stellar burning and develop an onion-

like structure, with each layer containing the ashes of the elements produced from

its previous stellar nucleosynthesis epochs. In the massive star’s final stellar burning

stage, the core has a nuclear composition of Iron and is enclosed by layers of lighter

elements that range from Silicon near the core to Hydrogen near the outer layers. As

the nuclear burning of Iron does not generate energy, and the Iron core soon com-

presses under the force of gravity. The Iron core compresses until it reaches densities

on the level of the nucleus, upon which a protoneutron star is formed [40].

The gravitational binding energy of the protoneutron star is released into the

emission of neutrinos and anti-neutrinos of the various family flavors [41]. A pro-

toneutron star with a radius of RNS ∼ 10 km and a mass of MNS ∼ 1.4M� has

a gravitational binding energy of ∼ (3/5)GM2
NS/RNS ∼ 3 × 1053 erg. Here G is

the gravitational constant. The gravitational binding energy is often approximated

as being distributed equally among the various flavors of neutrinos, on the order of

∼ 1051 erg s−1 for each species of neutrino, during the course of diffusion through the

protoneutron star. This diffusion occurs on the order of ∼ 10 s and is a consequence of

a number of reactions involving the various neutrino family members, e.g. all species

of neutrinos and anti-neutrinos, e, µ, and τ , can neutral-current scatter of off elec-
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trons. The effective temperature of the neutrinos results from the depth from within

the protoneutron star that the neutrinos and anti-neutrinos decouple from thermal

equilibrium. In addition to neutral-current neutrino-electron scattering, the electron

neutrinos and anti-neutrinos, νe and ν̄e, also participate in charged-current reactions

here. Since neutrons outnumber protons inside the protoneutron star, the reaction

νe+n→ p+e− occurs more frequently than the reaction ν̄e+p→ n+e+. As a result,

the neutrinos leave local thermodynamic equilibrium in the following order: νµ, ν̄µ,

ντ , ν̄τ , then ν̄e, and then νe. The relative values of the neutrino energy spectrum for

the individual family species are then

〈Eνµ〉 ≈ 〈Eν̄µ〉 ≈ 〈Eντ 〉 ≈ 〈Eν̄τ 〉 > 〈Eν̄e〉 > 〈Eνe〉 (1.8)

Of important consequence to heavy element production is that the neutrino energy

spectrum is greater for ν̄e, with 〈Eν̄e〉 ≈ 16 MeV, than for νe, with 〈Eνe〉 ≈ 11 MeV

[41]. This difference in neutrino energy spectrum between νe and ν̄e will set the stage

for the neutron rich environment necessary for the r-process.

The temperature above the protoneutron star is sufficiently large for nuclear statis-

tical equilibrium (NSE) to occur, with the entropy directing the nuclear composition

of the material towards nucleons rather than that of the heavier nuclei. The material

in NSE is heated and directed away from the protoneutron star by the neutrino-

nucleon reactions ν̄e+p→ n+e+ and νe+n→ p+e−. This expansion of material off

of the protoneutron star by neutrinos and anti-neutrinos is known as the neutrino-

driven wind. After the point above the protoneutron star where the temperature falls

to T ∼ 6 × 109 K, the neutrino-driven wind is essentially in a state of adiabatic ex-

pansion as the decreasing neutrino flux, resulting from the increasing distances away

from the protoneutron star, no longer has sufficient strength to play the lead role in

setting the wind dynamics.

A quantity used for tracking the neutron richness of the neutrino-driven wind envi-

ronment is the electron fraction, Ye. The electron fraction plays a role in determining

the abundance outcome of the r-process, and near the protoneutron star, it is influ-

enced by both neutrino-nucleon reactions and electron and positron captures. When

both the total proper neutron and proton number densities, Nn and Np respectively,
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are known, it is convenient use the following form of the electron fraction,

Ye =
Np

Np +Nn

(1.9)

The neutron-to-proton ratio may be taken as Nn/Np. Equivalently, the electron

fraction can be calculated from the abundance information of all of the participating

nuclear species,

Ye =
∑
i

ZiYi (1.10)

Where i is an index over all nuclear species, Zi is the proton number of an individual

nuclear species, and Yi is the abundance of the nuclear species. We note that both of

these expressions of the electron fraction assume overall charge neutrality.

In the neutrino-driven wind, the conditions are generally such that electron and

positron capture on nucleons, e− + p→ n+ νe and e+ + n→ p+ ν̄e respectively, are

less important than the neutrino-nucleon interactions, ν̄e capture on protons and νe

capture on neutrons, ν̄e + p → n + e+ and νe + n → p + e− respectively [42]. The

interplay between these two neutrino-nucleon terms serve to set the electron fraction,

Ye ≈ λνe
λνe + λν̄e

=
1

1 + (λν̄e/λνe)
. (1.11)

Above, λν̄e is the rate of the ν̄e + p → n + e+ interaction, and λνe is the rate of the

νe + n→ p+ e− interaction.

At this point above the protoneutron star, as the neutrino luminosities of both ν̄e

and νe are approximately equal, Lνe ∼ Lν̄e , and since ν̄e are emitted with larger mean

spectral energies than νe, 〈Eν̄e〉 > 〈Eνe〉, the rate of antineutrino capture on protons

is faster than the rate of neutrino capture on neutrons, λν̄e > λνe . From Eq. 1.11,

this leads to neutron rich conditions, Ye < 0.5, while material is propagating in the

neutrino-driven wind [22]. The presence of neutron rich conditions are critical to the

production of r-process elements in this environment.

1.4 Model of r-process Nucleosynthesis

This section outlines the details of the numerical r-process simulation employed

in this work to calculate the abundances of r-process elements that are produced in
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the neutrino-driven wind environment of the core collapse supernova.

To describe the trajectory of the mass element as it travels from the surface

of the protoneutron star, we employ a one-dimensional model of the neutrino-driven

wind. The one-dimensional parameterization of the neutrino-driven wind results from

a constant mass outflow rate (Ṁ = 4πr2ρv) in the neutrino-driven wind with a

homologous outflow with a radial velocity v of

v ∝ r, (1.12)

where r is the radial distance measured from the center of the protoneutron star [20].

The radial distance can be expressed as a function of time,

r = ro exp(t/τ), (1.13)

where ro is the initial radius. We define the expansion time scale τ as

τ = r/v. (1.14)

The enthalpy per baryon is taken to scale as ∝ 1/r. This leads to the equation for

the density that the mass element encounters in the neutrino-driven wind,

ρ ∝ ρo exp(−3t/τ). (1.15)

The density profile of the wind model employed in these studies and the impact of

the choice of the expansion time scale τ on the density profile are shown in Fig. 1.2,

Our nucleosynthesis simulations track the chemical evolution of a mass element as

it encounters and evolves in concert with the various conditions of its astrophysical

host. While the mass element is considered to occupy space as a point particle,

it is important to note that the mass element does not need to be composed of a

single nuclear species, and, in fact, will contain the fractional abundance of all the

species that participate in the nucleosynthesis process. The relationship between the

abundance of a nuclear species Y (Z,A) and the proper number density of a nuclear

species nZ,A is

nZ,A = ρNAY (Z,A) (1.16)
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Figure 1.2: Wind Density (g cm−3) as a function of time (s) for the two primary
neutrino-driven wind models employed in this work. The faster timescale model,
τ = 0.1 s, occurs a steeper density drop in time than the slower timescale model,
τ = 0.3 s.

Above, NA is Avagadro’s number and ρ is the density.

In the neutrino-driven wind environment, the mass element encounters three pri-

marily epochs of nucleosynthesis during its flight from the protoneutron star: the nu-

clear statistical equilibrium (NSE) epoch, the charged particle nucleosynthesis epoch,

and the r-process nucleosynthesis epoch. The mass element experiences a different set

of astrophysical conditions in each nucleosynthesis epoch as well as evolving towards

different chemical compositions. Our simulation handles each epoch separately and

evolves the mass element sequentially through three separate FORTRAN codes, each

specific to a separate nucleosynthesis epoch. Details of the simulation of the NSE

epoch are found in [43], details of the charged particle reaction epoch simulation are

found in [44], and details of the simulation of the r-process epoch are found in [45].

The electron fraction is calculated in a self-consistent fashion throughout all of the

nucleosynthesis epochs.

Our simulation of NSE employs distance, temperature, and density information
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to calculate all relevant thermodynamic quantities including electron and positron

number densities. As the mass element is initially ejected from the protoneutron star

at temperatures of T9 ≈ 35 and entropies of S/k ∼ 100, the chemical composition

of the mass element is well described by NSE [43]. The relevant thermodynamic

quantities are placed as inputs in the NSE simulation, and the resulting abundances

of neutrons, protons, and light elements with (A > 40) are calculated.

As the mass element leaves the NSE regime, at a temperature of T9 . 10, we

employ a full reaction-rate network to track the nucleosynthetic evolution of the mass

element. In this regime, nuclei of intermediate atomic weight, A . 120, are accounted

for. The set of reaction rates employed by our simulation for this nucleosynthesis

epoch are taken from [46] and include all relevant strong, electromagnetic, and weak

interaction rates. The calculation of the evolution of the abundance proceeds as

follows. Given a set of nuclear abundances and their individual reaction rates at a

time, t, the time derivatives of the abundances, ~̇Y , are calculated. The individual

nuclear abundances are to be generated using the finite difference prescription over

the time step, ∆t,

~Y (t+ ∆t)− ~Y (t)

∆t
=

~̇Y (t) (explicit)

~̇Y (t+ ∆t) (implicit)
(1.17)

As the set of reaction rates that participate in this nucleosynthesis epoch contain

reaction rates that are relatively very slow, the rates associated with the weak in-

teraction for example, and those that are relatively very fast, the rates associated

with charged particle interactions, a fully implicit technique is employed to evolve

the nuclear abundances over the time of the nucleosynthesis epoch. The solution of

the implicit form of Eq. 1.17 is accomplished by solving for the zeros of the set of

equations

~Z(t+ ∆t) ≡
~Y (t+ ∆t)− ~Y (t)

∆t
− ~̇Y (t+ ∆t) = 0 (1.18)

To solve this set of equations, we use the Newton-Raphson method [47], which em-

ploys the Taylor series expansion of ~Z(t+ ∆t), and generates the trial change in the
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abundances as

∆~Y =

(
∂ ~Z(t+ ∆t)

∂~Y (t+ ∆t)

)−1

~Z (1.19)

where ∂ ~Z/∂~Y is the Jacobian of ~Z. Once the convergence of the abundances ~Y (t+∆t)

is complete, the simulation proceeds to the next time step. The process repeats until

the mass element arrives at the conditions that mark the start of the r-process epoch.

After the mass element leaves the the charged particle reaction epoch, it enters

the r-process nucleosynthesis epoch at a temperature of T9 . 2.5. The relevant nu-

clear reactions for the r-process are neutron-capture, photo-disintegration, β-decay,

charged-current neutrino interactions, β-delayed neutron emission, and for very neu-

tron rich environments, fission processes. We employ the nuclear mass model from

[48], β-decay rates from [49], and neutron-capture rates from [46]. Neutrino interac-

tions as well as fission probabilities are discussed in Chapters 2 and 3. Neglecting

interactions involving neutrinos and fission processes to highlight the reaction physics,

the nuclear reactions involving the change in abundance for a single r-process nucleus

can be written as

Ẏ (Z,A) = nn〈vσn,γ(Z,A− 1)〉Y (Z,A− 1) + λγ,n(Z,A+ 1)Y (Z,A+ 1)

+λβ0(Z − 1, A)Y (Z − 1, A)

+λβ1(Z − 1, A+ 1)Y (Z − 1, A+ 1)

+λβ2(Z − 1, A+ 2)Y (Z − 1, A+ 2)

+λβ3(Z − 1, A+ 3)Y (Z − 1, A+ 3)

−nn〈vσn,γ(Z,A)〉Y (Z,A)− λγ,n(Z,A)Y (Z,A)

−[λβ0(Z,A) + λβ1(Z,A) + λβ2(Z,A) + λβ3(Z,A)]Y (Z,A), (1.20)

where nn is the neutron number density, λγ,n(Z,A) is the photo-disintegration rate,

nn〈vσn,γ(Z,A)〉 is the thermally averaged neutron-capture rate, and λβ0(Z,A), λβ1(Z,A),

λβ2(Z,A), and λβ3(Z,A) are the rates for β-decay and the subsequent emission of 0,

1, 2, and 3 neutrons respectively. The set of these equations, with a separate equa-

tion for each nuclear species that participates in the r-process, forms the basis of our
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r-process network.

As before, the time evolution of these equations lends itself to an implicit differ-

encing solution as interactions that proceed at slower rates, such as β-decay, and those

that proceed at faster rates, such as neutron-capture, simultaneously participate in

the r-process. For a sufficiently short time step, ∆t, the free neutron abundance, tem-

perature, and density can be taken to be constant over the time step. The reactions

of the r-process, Eq. 1.20, can then be written in the finite difference form,

∆Y (Z,A)/∆t = nn〈vσn,γ(Z,A− 1)〉(Y (Z,A− 1) + ∆Y (Z,A− 1))

+λγ,n(Z,A+ 1)(Y (Z,A+ 1) + ∆Y (Z,A+ 1))

+λβ0(Z − 1, A)(Y (Z − 1, A) + ∆Y (Z − 1, A))

+λβ1(Z − 1, A+ 1)(Y (Z − 1, A+ 1) + ∆Y (Z − 1, A+ 1))

+λβ2(Z − 1, A+ 2)(Y (Z − 1, A+ 2) + ∆Y (Z − 1, A+ 2))

+λβ3(Z − 1, A+ 3)(Y (Z − 1, A+ 3) + ∆Y (Z − 1, A+ 3))

−nn〈vσn,γ(Z,A)〉(Y (Z,A) + ∆Y (Z,A))

−λγ,n(Z,A)(Y (Z,A) + ∆Y (Z,A))

−[λβ0(Z,A) + λβ1(Z,A) + λβ2(Z,A) + λβ3(Z,A)]×
(Y (Z,A) + ∆Y (Z,A)) (1.21)

The time evolution of the system can now be performed by solving the linear set of

equations of the change in abundance for each nuclear species, ∆Y (Z,A), at each time

step. Using a time step, ∆t, of appropriate duration, the solution of these equations

proceeds by first triangularizing the matrix formed by Eq. 1.21. The individual

∆Y (Z,A)’s are then found by using back substitution [47]. These ∆Y (Z,A)’s are

then used to evolve the abundances of the nuclear species Y (Z,A) forward in time.

The set of solutions allow the ∆t of the next time step to be calculated. This method of

evolving the abundances of the nuclear species through finite differencing is repeated

until the mass element is evolved to the end of its thermodynamic trajectory. The

final abundance composition of the mass element can then be compared to other

abundance patterns of the r-process.
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1.5 Recent Developments in the r-process

The above sections have outlined the features of the neutrino-driven wind that

have led to its status as a favored astrophysical host for the r-process. However,

a critical impediment to the production of r-process elements occurs here in the

neutrino-driven wind in the form of a reduction to the free neutron abundance.

Although neutrino interactions are initially beneficial in the development of the

neutron-rich conditions needed for the r-process, a critical detriment occurs as a

consequence of the neutrino-nucleon interaction νe +n→ p+ e−. As free protons are

quick to pair with an addition proton and two additional neutrons to form α particles,

these reactions serve to drive the electron fraction towards 1/2,

Ye ≈ λνe
λν̄e + λνe

+
λν̄e − λνe
λν̄e + λνe

(
Xα

2

)
. (1.22)

This is known as the α effect and was first discussed in Fuller and Meyer 1995 [50].

We discuss a possible resolution to the α effect through modifications to the stan-

dard picture of neutrino physics in the neutrino-driven wind environment in Chapters

2 and 3. In Chapter 2 this is accomplished through a physical mechanism, the trans-

formation of νe neutrinos to a sterile flavor, νs, and in Chapter 3, we examine a

reduction to the νe luminosity that is not tied to a specific physical mechanism. Both

chapters center on the reduction of α particle formation by inhibiting the electron

neutrino interaction, νe + n→ p + e− and the resulting production of protons. This

preserves the free neutron abundance that is necessary for r-process element forma-

tion by reducing the contribution to the electron fraction by the α particle abundance

in Eq. 1.22.

The presence of a consistent pattern of r-process elements above Z ≥ 56 has

been found throughout the available halo star observational data [51]. The consistent

pattern covers the region just after the second r-process peak through the third r-

process peak region, as shown in Fig. 1.3. This data suggests that a mechanism is

operating within the r-process to produce a robust abundance pattern. We explore

the consequences of the presence of fission cycling during the r-process in Chapter 3

and find that under very neutron rich conditions that a robust r-process abundance
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Figure 1.3: The abundance pattern of the r-process elements is consistent among the
available halo star data between the second and third r-process peak regions and is
in good agreement with the solar system r-process abundance pattern. The r-process
abundance patterns of the most strongly-enhanced r-process metal-poor stars are
shown as the various symbols. The solid line is the scaled solar r-process pattern. All
patterns are arbitrarily offset vertically. Figure from Cowan 2007 [2].

pattern is found to emerge from the joint operation of both fission cycling and steady-

β flow. The operation of these mechanisms allow for the r-process abundance pattern

to be generated as a consequence of the underlying nuclear data of the r-process rather

than the astrophysical conditions of the neutrino-driven wind. This allows a robust

pattern of the r-process elements to form between the second and third r-process

peak regions that is consistent over small variations in the astrophysical conditions.

The location of the r-process can extend near the neutron drip line during its

formation, and & 3, 000 nuclei can play a role in the r-process [52]. Although some

inroads have been made in obtaining the relevant experimental nuclear data for some

of the relevant nuclei, experimental nuclear data is not available for many of the

nuclei that participate in the r-process. In classical r-process studies, this deficiency

is less critical as the use of the (n, γ)� (γ, n) equilibrium approximation during the
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r-process shifts the nuclear data burden away from the neutron capture and photo-

dissociation rates to the more tractable β-decay rates. This was previously taken to

be acceptable as individual neutron capture rates were not thought to influence the

abundance pattern of the r-process. However, in Chapter 4, we identify a nucleus,

130Sn, whose neutron capture rate can impact the abundance pattern of the r-process.

130Sn acts as a secondary waiting point and impacts the amount of material that

travels through the A = 130 peak region, influencing the abundance pattern of the

r-process.
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Chapter 2

Active-Sterile Neutrino

Oscillations and the r-process

We investigate nucleosynthesis in the supernovae post-core bounce neutrino-driven

wind environment in the presence of active-sterile neutrino transformation. We con-

sider active-sterile neutrino oscillations for a range of mixing parameters: vacuum

mass-squared differences of 0.1 eV2 ≤ δm2 ≤ 100 eV2, and vacuum mixing angles of

sin2 2θv ≥ 10−4. We find a consistent r-process pattern for a large range of mixing

parameters that is in rough agreement with the halo star CS 22892-052 abundances

and the pattern shape is determined by fission cycling. We find that the allowed

region for the formation of the r-process peaks overlaps the LSND and NSBL (3+1)

allowed region.

2.1 Background

Neutrinos dominate both the dynamics and the nucleosynthesis in the region near

the protoneutron star during a core collapse supernova. The prodigious neutrino

flux generated here is thought to deposit enough energy to liberate material from the

gravitational well of the protoneutron star. Neutrino capture produces a neutron-rich

environment outside the protoneutron star at late times post-core bounce. Under-

standing the role of neutrinos in this environment directly leads to our understanding
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of heavy element nucleosynthesis in the core collapse supernova environment.

One of the synthesis processes that may take place in this environment is the r-

process, or rapid neutron capture process, which generates about half of the elements

with atomic weight A ≥ 100 [8]. At the heart of the r-process is the rapid capture

of neutrons, which occurs much faster than the competing beta decay, forming very

neutron rich nuclides. As the supply of free neutrons is exhausted, these nuclides

decay back to beta stability, forming a characteristic r-process abundance pattern

that can be observed today.

While this basic r-process mechanism is understood, finding the astrophysical loca-

tion of the r-process proves more elusive. Several observational factors point towards

the neutron-rich material produced near the protoneutron star of a core-collapse su-

pernovae as a likely candidate, e.g [1, 53] . Sneden and Cowan 2003 [1] concluded the

r-process abundance patterns in extremely metal poor giant stars match the second

and third peaks of the solar system r-process pattern, indicating these elements were

formed early in the evolution of the universe given these considerations [54]. The

neutrino-driven wind of the core collaspe supernova is a promising candidate for the

r-process, for a review see Wanajo et al. 2001 [26].

The evolution for a mass element which will eventually undergo an r-process in

the neutrino-driven wind of the protoneutron star proceeds through several stages

[21] Material first emerges from the surface of the protoneutron star as free nucleons,

carried off by the neutrino-driven wind. The strong influence of neutrinos in this

regime produces neutron rich material resulting from the equilibrium effects of the

νe and νe fluxes, as the νe’s are thought to have a longer mean free path at the

surface of the protoneutron star and hence are more energetic. The larger νe opacity

than νe implies the νe’s decouple deeper in the core, and therefore have a deeper

neutrinoshpere than the νe’s. [42] As the mass element moves farther from the star,

it reaches lower temperatures (T < 750 keV), the nucleons coalesce into α particles

and a large abundance of free neutrons. The α particles then combine into seed

nuclei for the r-process with 50 . A . 100. Neutron capture begins at even lower

temperatures (T < 300 keV) allowing the formation of r-process elements.

It has long been suggested that fission could influence the r-process [17], primarily
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for cosmochronometers e.g [55] In sufficiently neutron-rich conditions, heavy elements

which are unstable to fission can be produced, terminating the r-process path. Addi-

tionally, fission influences the r-process through the subsequent cycling of these fission

unstable heavy elements by neutron capture on the fission products. Beta-delayed,

neutron induced, and spontaneous fission are all thought to play important roles in

determining the outcome of the final r-process abundances [56].

Early r-process models in the neutrino-driven wind environment, such as Woosley,

et al, 1994 [20], accurately reproduced the r-process abundances without significant

fission cycling; However, later models produced lower entropy per baryon, producing

nearly but not quite all the requisite conditions. Further, proper consideration of

the near inertness of alpha particles to neutrino interactions resulted in decreased

neutronization, presenting a significant impediment to r-process production in this

environment [57, 50, 58, 21, 59, 60].

There are three possible solutions for circumventing these problems. One solution

is modifying the hydrodynamics by using a very fast dynamical timescale [58, 23]

even in a proton-rich environment [61], or increasing temperature with high entropy

[20]; however, it is not known how neutrino heating could generate such conditions.

Another possibility is choosing a different location for the r-process to occur, such

as a neutron-star merger [62, 63]. However this solution is not currently favored by

analysis of the observational data [54]. Other astrophysical sites such as gamma ray

burst accretion disks are currently being considered [30, 32].

The solution examined here is the introduction of active-sterile neutrino oscilla-

tions through the νe � νs and νe � νs channels. Two different types of terrestrial

experiments place constraints on νe � νs and νe � νs transitions, reactor experi-

ments and short baseline accelerator experiments. Relevant data of the former comes

from CHOOZ [64] with it’s null result on νe disappearance, and the latter KARMEN,

[65], with a null result on νµ → νe appearance, leading to no indication of oscillations.

LSND [66] is the only short baseline experiment which reported a positive signal for

νe → νµ and this data is used as motivation for a sterile neutrino.

Big Bang Nucleosynthesis(BBN) and the cosmic microwave background (CMB)

can provide constraints on the existence of sterile neutrinos. The number of new
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neutrino flavors, which would include a sterile neutrino, is restricted by the actions

of the relativistic energy density limits during the BBN epoch while simultaneously

accounting for the WMAP data, e.g. [67, 68]. This restriction may be lifted through

flexibility in the electron neutrino asymmetry, ξe, which allows room for the addition

of neutrinos beyond the standard model [69]. CMB also places bounds on the neutrino

mass; however, these bounds are dependent on the thermal spectrum of the sterile

neutrino [70]. At present, while they provide restrictions, the BBN and CMB analysis

do not discount light sterile neutrinos.

We organize the paper as follows: In Section 2.2, we describe the neutrino driven

wind model and general nucleosynthesis in the neutrino-driven wind. Section 2.3

describes matter-enhanced active-sterile neutrino oscillations and their effects on nu-

cleosynthesis. Section 2.4 describes the network calculation of element abundances.

In Section 2.5 we discuss the influence of fission in the r-process and how fission cy-

cling links the second and third peaks of the r-process. Our results appear in Section

2.6 showing our calculation of nucleosynthesis with active-sterile neutrino oscillations

and we compare with both the solar system and halo star abundances. We conclude

in section 2.7.

2.2 Nucleosynthesis in the Neutrino Driven Wind

The neutrino-driven wind epoch begins several seconds after post-core bounce

in the type II supernovae environment. The newborn protoneutron star undergoes

Kelvin-Helmholtz cooling, radiating neutrinos that can lift material off the star’s

surface. This material is likely ejected by neutrino heating through charged-current

reactions. It takes about ten neutrino interactions per nucleon to eject material from

the surface of the star, and the neutrinos set the electron fraction, Ye [42].

In our calculations we use a one-dimensional model to follow a mass element’s

peregrination from a nucleon at the surface of the protoneutron star to an ejected

r-process element. Although multidimensional phenomena such as convection may

operate in this environment, this simple model elucidates the effect of neutrino flavor

transformation on nucleosynthesis.
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Figure 2.1: In the top panel we show the contours of electron fraction, Ye, at the onset
of rapid neutron capture, TkeV ≈ 200. For the astrophysical conditions below, one
expects an r-process for Ye . 0.35 and an r-process which matches the observed ratio
of peaks heights for Ye . 0.3. For comparison with previous work, in the bottom right
panel, we show the Ye, earlier, at the onset of heavy element formation, TkeV ≈ 600.
Neutrino captures on free nucleons increase the electron fraction slightly, between
TkeV ≈ 600 and TkeV ≈ 200. The neutrino-driven wind parameters are entropy per
baryon of S/k = 100, expansion time scale of τ = 0.3 s, neutrino luminosities of Lν =
1051 ergs s−1 and Lν̄ = 1.3 × 1051 ergs s−1, and neutrino temperatures Tν = 3.5 MeV
and Tν̄ = 4.5 MeV.
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A parameterization of the neutrino-driven wind in the type II supernovae envi-

ronment following from [20] results in a constant mass outflow rate (Ṁ = 4πr2ρv)

with a homologous outflow with a radial velocity v of

v ∝ r, (2.1)

where r is the radial distance from the center of the protoneutron star. From this

we find

r = ro exp(t/τ), (2.2)

where ro is the initial radius and the expansion time scale, τ is defined as

τ = r/v. (2.3)

Including ∝ 1/r scaling for the enthalpy per baryon, the density ρ scales as

ρ ∝ ρo exp(−3t/τ). (2.4)

In our calculations we primarily use τ = 0.3 s and S/k = 100 unless otherwise

stated. Our mass element leaves the surface of the protoneutron star in Nuclear

Statistical Equilibrium (NSE) due to the very high temperature. At entropies of

S/k = 100 baryonic content exists only as protons and neutrons [22]. Electron neu-

trino and anti-neutrino capture on free nucleons set the electron fraction and at the

surface produce neutron-rich conditions. As material flows away from the protoneu-

tron star it cools and once material reaches temperatures below T . 750 keV the

formation of α particles begins.

During this epoch since neutrino interactions have created a neutron-rich environ-

ment, all the protons and many neutrons bind into α particles. Electron neutrinos

capture on the remaining neutrons producing protons, which in turn consume more

neutrons to form additional α particles. This drives the electron fraction towards

Ye = 0.5 decreasing the number of free neutrons and creating an environment unfa-

vorable to the r-process, known as the α-effect [60, 50].
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As the mass element continues moving away from the protoneutron star, the

lower energies allow α particles and neutrons to combine into seed nuclei for the

r-process. Farther away from the protoneutron star, as the material falls out of

NSE, it undergoes a series of quasi-equilibrium phases [60, 44]. The large Coulomb

barriers eventually become insurmountable and charged current reactions drop out

of equilibrium, while a large abundance of free neutrons remains. The mass element

continues to move outward leaving neutron capture (n,γ) and photo-dissociation (γ,n)

as the only reactions left in equilibrium.

This (n, γ) 
 (γ, n) equilibrium phase marks the onset of the r-process, as the

balance between neutron capture and photo-dissociation determines the equilibrium

path of the r-process. The r-process may produce nuclei unstable towards fission at

this time, whose fission products may effect the r-process abundances. Once there

are not enough free neutrons left to maintain (n, γ) 
 (γ, n) equilibrium, neutron

capture and photo-dissociation reactions freeze-out allowing the r-process nuclei to

β-decay back to stability, forming the progenitors to the observed r-process elements.

2.3 Matter-Enhanced Active-Sterile Neutrino Os-

cillations

McLaughlin et al. 1999 [43] demonstrated that active-sterile neutrino transfor-

mation could circumvent the problematic issues associated with the r-process in the

neutrino driven wind from the protoneutron star. Active-active neutrino transforma-

tion as well as active-sterile transformation through different channels has also been

explored in Caldwell et al. 2000 [71] and Nunokawa et al. 1997 [72].

Here we consider matter enhanced transformation of neutrinos through the νe �

νs and νe � νs channels as described by [43]. We define a sterile neutrino as one with

interactions significantly weaker than the normal weak interaction. These interactions

must be weak enough as to not contribute significantly to the decay rate of the Z◦

boson [73]. Our results are independent of the model which produces a light sterile

neutrino, as any SU(2) standard model singlet could be a light sterile neutrino.
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For the following equations we use Ψe for the electron neutrino wavefunctions and

Ψs for the sterile neutrino wavefunctions. We consider evolution of flavor eigenstates

in matter without the potential created by background neutrinos in the form [74]

i~
∂

∂r


Ψe(r)

Ψs(r)

 =


φe(r)

√
Λ

√
Λ −φe(r)




Ψe(r)

Ψs(r)

 (2.5)

where

φe(r) = 1
4E

(±2
√

2GF [N−e (r)−N+
e (r)− Nn(r)

2
]E − δm2 cos 2θv) (2.6)

and √
Λ =

δm2

4E
sin 2θv. (2.7)

In equation (2.6), the positive sign designates electron neutrinos and the negative

sign electron anti-neutrinos. Here, GF is the Fermi constant and N−e (r),N+
e (r), and

Nn(r) represent the number density for the electrons, positrons, and neutrons in the

medium. The neutrino mixing angle is θv, and the vacuum mass-squared splitting

term is defined as δm2 ≡ m2
2 − m2

1, where m1 and m2 are the masses of the mass

eigenstates.

The potential is defined to be proportional to the net weak charge,

V (r) ≡ 2
√

2GF [N−e (r)−N+
e (r)−Nn(r)/2], (2.8)

meaning neutrinos of energy

Eres(r) ≡ ±δm
2 cos 2θv
V (r)

(2.9)

undergo a Mikheyev-Smirnov-Wolfenstein (MSW) resonance at a positive (νe) or neg-

ative (νe) potential. Noting the electron fraction is

Ye(r) =
N−e (r)−N+

e (r)

Np(r)−Nn(r)
, (2.10)

we can immediately see how Ye influences the sign of the potential,

V (r) =
3GFρ(r)

2
√

2mN

(
Ye − 1

3

)
. (2.11)
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Electron neutrinos transform for a positive potential and electron anti-neutrinos for

a negative potential. Above, ρ(r) is the matter density a distance r away from the

protoneutron star, mN is nucleon mass, and Np(r) is the proton number density.

Since the local material is electrically neutral we take Np = N−e −N+
e .

Using the above substitutions, we can rewrite equation (2.6) as

φe(r) = ±3GFρ(r)

2
√

2mN

(
Ye − 1

3

)
− δm2

4E
cos 2θv. (2.12)

Active-sterile MSW neutrino resonances occur when φe = 0, providing a direct

relationship to Ye from the neutrino mixing parameters, δm2 and sin2 2θν and the

electron neutrino and anti-neutrino energies.

We calculate equation (2.5) numerically for neutrino survival probabilities passing

through matter above the protoneutron star. We assume no flavor transformations

occur until the neutrinos leave the surface of the protoneutron star, hence all neutri-

nos reside in the active flavor eigenstates, νe and νe, with no sterile mixing, νs and

νs, at this time. We begin the neutrino transformation evolution with a Fermi-Dirac

neutrino and anti-neutrino spectrum. As the neutrinos depart from the protoneutron

star, the evolving survival probabilities from equation (2.5) cause the neutrinos to

depart rapidly from this initial spectrum. We use electron neutrino and anti-neutrino

luminosities of Lν = 1051 ergs s−1 and Lν̄ = 1.3 × 1051 ergs s−1 respectively, elec-

tron neutrino and anti-neutrino temperatures of Tν = 3.5 MeV and Tν̄ = 4.5 MeV

respectively, and an effective chemical potential of zero. We chose these values to

be representative of the general qualitative behavior of the expected neutrino flavor

transformation in this environment. For these luminosities, electron neutrinos and

electron anti-neutrinos strongly determine the initial electron fraction, although ad-

ditional influence on the electron fraction comes from electron and positron capture

through the backward rates of the following reactions:

νe + n� p+ e−, (2.13)

and

ν̄e + p� n+ e+. (2.14)
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Figure 2.2: Electron neutrinos undergoing transformation to sterile neutrinos above
the surface of the neutron star by active-sterile MSW neutrino transformation. The
active-sterile neutrino mixing parameters are δm2 = 2 eV2 and sin2 2θv = 7 × 10−2,
with the wind parameters of Fig. 2.1. The neutrinos shown have energy Eν ≈ 11
MeV.

We now point out the main features of active-sterile neutrino mixing in this envi-

ronment: the detailed behavior of νe � νs mixing is discussed in [75, 43]. As neutrinos

leave the surface of the protoneutron star, low energy electron neutrinos are the first

to undergo transformation to sterile neutrinos, νs, due to the large potential, equation

(2.11). Such a transformation is shown in Fig. 2.2. This reduces the efficacy on the

forward rate of equation (2.13) lowering both the potential and the electron fraction,

allowing progressively higher energy electron neutrinos to transform. Once the elec-

tron fraction drops below 1/3, the highest energy electron anti-neutrinos transform to

sterile neutrinos due to the now negative potential. The potential continues to drop

towards its minimum, after which it will ascend back towards its zero value. On its

way back, upon the potential reaching this zero value, all of the electron anti-neutrinos

above a threshold energy convert from νs’s back to νe’s. As the mass element reaches

the alpha particle formation epoch, very few of the original electron neutrinos and



30

most of the original electron anti-neutrinos are present. This severely impedes the

forward rate of equation (2.12) due to the lack of νe’s, and also prevents the dramatic

electron fraction rise associated with the α effect, allowing a neutron-rich neutron-to-

proton ratio needed for r-process element formation. The suppression of the α effect

is dependent on the neutrino mixing parameters, δm2 and sin2 2θν , and we describe

later which parameters allow for r-process elements to be produced [43].

2.4 Network Calculations

We calculate the nuclide abundances for a mass element leaving the surface of a

protoneutron star by linking three network calculations: a nuclear statistical equilib-

rium (NSE) code [43], a full reaction rate network code [44], and an r-process reaction

network code [45]. Throughout the calculation we self-consistently solve the neutrino

evolution through the integration of equation (2.5). In all regimes we are guided by

the structure of the protoneutron star from [41], and from the wind as described in

[45] as described in Sec. 2.2.

As the mass element first leaves the protoneutron star with TMeV ≈ 3, the NSE

code takes distance and density and calculates all relevant thermodynamic quanti-

ties including positron and electron number densities. We use NSE to calculate the

neutron, proton, and heavy element (A > 40) abundances. We also compute the

weak reaction rates, generating an updated electron fraction, Ye. This allows us to

self-consistently solve the matter enhanced (MSW) equation and hence the neutrino

survival probabilities.

Once the mass element leaves the NSE regime, at TkeV . 900, we use the full

reaction-rate network to calculate the evolution of the mass element. In this regime

intermediate nuclide production is accounted for, A . 120, utilizing strong, electro-

magnetic, and weak interactions rates from [46]. As before, we continue to use the

updated electron fraction to self consistently calculate the MSW neutrino evolution.

As the mass element reaches the neutron capture regime where charged particle

reactions have frozen out, we use an r-process reaction rate code, for TkeV . 200. The

relevant nuclear reactions included are neutron capture, photo-disintegration, beta
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decay, charged-current neutrino interactions, and beta-delayed neutron emission. We

use the nuclear mass model from [76], β-decay rates from [49] and neutron capture

rates from [46]. While this mass model is known to produce a gap after the second

peak, we choose it since it is the largest self-consistent data set available. We include

the effects of nuclei undergoing fission as it is relevant in this regime.

2.5 Fission in r-process Nucleosynthesis

It is important to understand which nuclides become unstable to fission and if

and where fission terminates the r-process. Some previous works such as Cowan et

al. 1999 [77] and Meyer 2002 [61] have included termination of the r-process through

fission. Meyer 2002 [61] used a network termination boundary of Z = 91 from proton

drip line to neutron drip line with only one isotope 275Pa undergoing fission. Cowan

et al. 1999 [77] employed a probability of unity for spontaneous fission for nuclei with

atomic weight greater than 256. Other calculations such as Goriely et al. 2004 [34]

and Panov and Thielemann 2004 [56], employed a set of fission rates over a range of

heavy nuclei.

Perhaps even more important than which nuclei undergo fission is the role the

nuclide distribution of the daughter products play. There are two fission modes gen-

erally considered, described by their daughter product distributions, symmetric and

asymmetric. Symmetric fission results in the progenitor nucleus being split nearly in

half by fission, resulting in daughter products of the same nuclide for even numbers of

protons and neutrons in the progenitor and adjacent nuclides for odd permutations of

protons and neutrons. For asymmetric fission, the progenitor nucleus splits unevenly,

resulting in one daughter product being proportionally heavier than the other.

Cowan et al. 1999 [77] and Rauscher et al. 1994 [78] employ symmetrical fission,

to determine the daughter products, while Panov and Thielmann 2004 [56] utilize a

weighting function to determine the various daughter products. Ternary fission has

been suggested as well [56]. At present, a consensus on the choice of fission daughter

products has not been formed.

In this work we go one step beyond a single nucleus termination point. While
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we terminate the network path at A ≥ 270 by taking the probability of spontaneous

fission to be unity above this point, we also include beta-delayed fission as well for

nuclei ranging from 81 ≤ Z ≤ 100 and 140 ≤ N ≤ 164. Beta-delayed fission has

the greatest importance during late stages of the r-process [56]. Our approach is

sufficient to illustrate the qualitative impact of νe � νs transform on the r-process.

For a detailed comparison on a nucleus by nucleus basis with data, it would be

preferable to include neutron-induced fission as well. In the future, such rates may

become available.

As stated above, the choice of fission daughter products can have a significant

impact on the distribution of final r-process element abundances. We examined two

models, symmetric fission where the two daughter products are taken to be as close

to atomic weight and number as possible, and asymmetric fission using daughter

products suggested by Ref. [17], which takes the daughter products to be about 40%

and 60% of the mass of the progenitor nucleus.

2.6 Results and Discussion

It is convenient to cast our results in the form of both the electron fraction,

Ye = p/(n+ p), and abundance patterns to allow for direct comparison with previous

theoretical and experimental results. We begin with a calculation of electron fraction,

Ye, since this is a key indicator of r-process element production in the neutrino-driven

wind environment and it facilitates comparison with previous work over the neutrino

mixing parameter region, δm2 and sin2 2θν . We then discuss the implications of our

results and compare our calculated abundance patterns with both solar data [3, 4]

and halo star data [79]. We also compare neutrino mixing parameters favorable to

the r-process against the parameter region that will be probed by Mini-BooNE [5].

We pay particular attention to the effect of fission cycling since this process is a

determining factor in the behavior of the system.

A key indicator of whether the r-process will occur is the electron fraction, Ye, at

the onset of neutron capture element formation. As described earlier, the α effect to-

gether with low entropy is a prominent cause of the reduction of free neutrons, stifling
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Figure 2.3: Electron fraction, Ye is plotted vs. TkeV for the wind parameters in
Fig. 2.1, with active-sterile neutrino mixing parameters of δm2 = 10 eV2 and
sin2 2θv = 0.001. The appropriate neutrino interactions are turned off at TkeV = 850
for the neutrino-nucleon interactions only and no neutrino interactions cases. The Ye
continues to increase even after heavy element formation, due primarily to neutrino-
nucleon interactions.

the r-process. Active-sterile neutrino oscillations allow the α effect to be circumvented

during the epoch of α particle formation as electron neutrinos are converted to their

sterile counterparts, preventing electron neutrino capture on neutrons, and producing

a neutron-rich environment.

Our reaction rate network self-consistently accounts for the evolution of Ye through-

out the duration of nucleosynthesis of the mass element. We begin by comparing Ye

with a previous calculation, Fig. 7 of Ref. [43], at the onset of heavy element for-

mation (Fig. 2.1b) and find that good agreement is reached. Then we further track

the Ye up to the point of neutron capture element formation, TkeV ≈ 200, and we

find that for Ye . 0.35 at this time, the environment is sufficiently neutron-rich for a

r-process to occur (Fig. 2.1a).

We note there is a slight increase of Ye between the two times, as shown between

the two panels of Fig. 2.1. Since charged-current reactions affect the Ye as the mass
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Figure 2.4: An r-process pattern (dark line) producing only the second and third of
the three r-process peaks occurs in the neutrino-driven wind when there is active-
sterile neutrino mixing. The dramatic impact of active-sterile neutrino oscillations
on the r-process is seen immediately when contrasted against the abundances pro-
duced without neutrino mixing (light gray line). For the dark line neutrino mixing
parameters of δm2 = 2 eV2 and sin2 2θv = 7 × 10−2 are used together with same
astrophysical conditions as in Fig. 2.1. The general features of the r-process pattern
above A & 130 found in solar system data [3] (medium gray line) are reproduced
when Ye . 0.3 at the onset of neutron capture element formation. The solar data is
scaled to the simulation such that the sum of the A = 195 nuclides is 2.3× 10−3.

element moves farther away from the protoneutron star, the increase in Ye must be

the result of one or more charged-current reactions, electron neutrino capture on

neutrons (the forward rate of equation (2.13)) increases Ye, making the environment

less neutron-rich. Although electron neutrinos that undergo transformation to sterile

neutrinos do not affect the Ye, not all electron neutrinos undergo transformation.

The effect of these residual electron neutrinos is shown in Fig. 2.3, where we plot

the electron fraction between heavy nucleus production and neutron capture element

formation, for the neutrino mixing parameters of δm2 = 10 eV2 and sin2 2θv = 0.001

Electron neutrino capture on neutrons is therefore responsible for the increase in Ye
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Figure 2.5: The general features of the r-process pattern found in halo stars are
reproduced in the neutrino-driven wind when active-sterile neutrino oscillations occur.
Only the second, A ≈ 130 (Z ≈ 55), third peaks, A ≈ 195 (Z ≈ 80), as well
as the rare earth bump inbetween, are reproduced. The halo star CS 22892-052 [4]
abundances are plotted for comparative purposes (dots) along with the solar system r-
process abundances from [3] (dark line). Neutrino mixing parameters of δm2 = 2 eV2

and sin2 2θv = 7 × 10−2 were used for the neutrino driven wind abundances (light
line), although the pattern shown is fairly insensitive to the exact choice of mixing
parameter (see Fig. 2.6). The astrophysical conditions are the same as in Fig 2.1. The
measured abundances are scaled to the simulation such that the sum of the Z = 70
isotopes in each abundance curve have an abundance of 10−3.

seen in Fig. 2.1.

In Fig. 2.4, we examine the consequences active-sterile neutrino oscillations have

on abundance patterns in the neutrino-driven wind environment and find conditions

suitable for the r-process in this environment for Ye . 0.35. We note that none of our

calculations reproduce the first r-process peak at A ∼ 80. The resulting abundance

pattern features the second and third r-process peaks and we note that the deficit

after the second r-process peak, A ∼ 130 is a consequence of the mass model we are

using, Fig. 2.4 (dark line). The solar abundance of A = 195 is scaled to 2.3 × 10−3

for comparison.
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Figure 2.6: Fission cycling produces a consistent overall r-process pattern in the
neutrino-driven wind, as long as Ye . 0.3 at the onset of neutron capture element
formation (bottom panel). In the top panel we show neutron abundance vs. TkeV for
three sets of neutrino mixing parameters, δm2 = 10 eV2 and sin2 2θv = 10−2, δm2 =
5 eV2 and sin2 2θv = 10−2, and δm2 = 2 eV2 and sin2 2θv = 7× 10−2 corresponding to
electron fractions of Ye = 0.1174, Ye = 0.1752, and Ye = 0.2498 respectively. The Ye
in the legend occurs at the start of heavy element formation, TkeV ≈ 200. Lower Ye’s
lead to more neutrons but a similar abundance pattern. In the bottom panel we show
the abundance patterns from the same mixing parameters as used in the top panel.
The abundances curves and astrophysical conditions are the same as figure 2.5.
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Figure 2.7: Contours indicating the parameter space for which we find an r-process
(defined as Ye . 0.35) in the prospective neutrino mixing parameter range of Mini-
BooNE. The light gray region signifies an r-process for an outflow timescale of
τ = 0.1 s, and similarly the dark gray region for τ = 0.3 s, with a reminder of
the astrophysical conditions listed in Fig. 2.1. The black region is the combined
NSBL and LSND 90% CL allowed region [5]. The parameter space which produces a
successful r-process is much larger than the space probed by experiment.

We classify our abundance patterns by Ye at the onset of neutron capture element

formation [80]. For 0.35 & Ye & 0.30, there are too few free neutrons to produce the

third r-process peak, A ∼ 195, with the same proportions as the second r-process

peak, A ∼ 130, as is indicated by observational data. Electron fractions of Ye . 0.3

lead to conditions sufficiently neutron-rich to have the second and third r-process

peaks in similar proportions to the observational data. Ye lower than Ye ≤ 0.25

produces r-process elements around A & 250 that are strongly susceptible to fission,

which can in turn repopulate regions at and around the A ∼ 130 peak. We will return

to this fission cycling in the following section. Fig. 2.5 shows our abundance pattern

plotted as a function of proton number, further demonstrating the second and third

r-process peak production. The three abundances are scaled such that Z = 70 has
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an abundance of 10−3.

Early calculations reproduced the general features of the solar system r-process

pattern by constructing a final r-process abundance pattern through a mass weighted

average of individual abundances patterns resulting multiple mass trajectories [20,

19, 21]. We have investigated different wind conditions, including changes in neu-

trino luminosity and outflow timescale. The effect of varying the outflow timescale is

shifting the range of neutrino mixing parameters, δm2 and sin2 2θ, for which a suc-

cessful r-process occurs. The effect of reducing the neutrino luminosity is contracting

the range of the neutrino mixing parameters yielding a successful r-process. While

we find the absence of an A ∼ 80 peak for a wide range of conditions, it would be

necessary to calculate a time integrated history over a particular series of wind condi-

tions to determine in a given neutrino driven wind model produces a significant first

r-process peak.

Additionally, a multidimensional wind model could influence the abundance pat-

tern in several ways. It could adjust the period which the mass element lingers

in the α-particle formation epoch, longer periods leading to more exposure to νe’s

and hence less neutron-rich conditions. The alteration of thermodynamic quantities,

such as temperature and density, between NSE and nuclear freeze-out epochs would

change the nuclear composition at any stage. For example, the abundance pattern of

the r-process is dependent on these freeze-out conditions.

The choice of neutrino mixing parameters affects the free neutron abundance and

hence the electron fraction at the time of neutron capture element formation. We find

that fission cycling is a mechanism for generating a stable r-process pattern once a

threshold Ye is reached, Ye ≤ 0.25 in our environment. All neutrino mixing parameters

which are below this Ye produce the same general r-process pattern, shown in Fig.

2.6.

Fission cycling behaves as a mechanism linking the second and third peaks of the

r-process. As very heavy nuclides are produced, A & 250, they may become unstable

towards fission and provide an effective termination point to the r-process path. The

resulting daughter nuclides from this fission repopulate abundances of the second

r-process peak.
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The consistency of the r-process pattern is dependent on the equilibrium path

of the r-process. Early studies analyzing the mass numbers of both the peaks and

the closed neutron shells, yielded a r-process path well away from the neutron-drip

line. In general the equilibrium path of the r-process is determined by the balance

between neutron capture and photo-dissociation for particular temperature and den-

sity conditions. In our calculations the environment becomes sufficiently neutron-rich

to generate a r-process path along the neutron-drip line, resulting in a consistent

r-process abundance pattern of the second and third peaks.

In the remainder of this section we discuss some details about the effects of fission.

It is difficult to make any definitive comments on the specific effects that spontaneous

fission and beta-delayed fission have on particular final r-process nuclide abundances

due to uncertainties in fission models; however, some general comments are warranted.

The impact of fission is greatest in the regimes around the A ∼ 130 peak and past

the A ∼ 195 peak, the regimes where fission deposition and depletion occurs.

The details of the pattern around the A ∼ 130 peak is caused by the deposition

of fission daughter products, which in turn are strongly affected by the choice of

fission daughter product distribution, in the region of 120 . A . 140. Two modes

of daughter product distributions that we examined are symmetric and asymmetric

as described in Ref. [17]. Symmetric fission modes generally produce an abundance

pattern similar to that produced by an r-process calculation without fission, since

material is mostly deposited near the closed neutron shell region of the A ∼ 130

peak; however, asymmetric modes can make significant material deposits into the

A ∼ 100 region and erase the deficit past the A ∼ 130 peak. It has been suggested

that fission could form elements A ≤ 120 in metal poor stars previously, e.g. Ref.

[56].

Abundance structure of the depletion region past the A ∼ 195 peak is strongly

affected by several factors. These factors are the amount of material that reaches this

region, how strongly fission depletion occurs, and for what elements it occurs. Most

previous work on fission in the r-process involves calculations which effectively ter-

minate the r-process using a 100% fission probablity in the regime of 260 . A . 280.

Given that the nuclear physics of such neutron-rich nuclei is not well understood, it is



40

difficult to draw conclusions about any detailed features in this region. Nevertheless,

fission cycling produces a distinct and stable abundance pattern with overall features

that are in agreement with data.

Halo stars, by virtue of their ancient nature, give us a glimpse of the abundances

from the earliest r-process progenitors. The similarity between the r-process pattern

in halo stars and that seen in the solar r-process suggests a single extremely consistent

r-process mechanism is operating for the heavier r-process elements. We present

our abundance pattern for comparison with the halo star CS 22892-052 [79, 3] and

the solar system r-process [4] in Fig. 2.5 and Fig. 2.6. There is rough agreement

between our data, Fig. 2.5 (black line), and CS 22982-052, Fig. 2.5 (dots), between

50 . Z . 80 the region of the second and third r-process peaks. The gap after the

Z ∼ 50 peak is the same as the gap after A ∼ 135 in the previous plot, shown in Fig.

2.5 and is feature of the mass model we are using. Our final abundances are allowed

to decay over a timescale of 14 Gyr, using decay modes and lifetimes from Ref. [81].

This is consistent with the overall chronometric estimate of r-process elements from

CS 22982-052 [79]. Recent estimates of the age of the universe is 13.73+0.13
−0.17 Gyr from

WMAP [82] and the galactic globular cluster age is 12.6+3.4
−2.2 Gyr [83]. The decay

timescale primarily affects the abundances of Th232 and U238 since their half-lives are

the shortest of the long lived quasi-stable elements. Using a decay timescale of 12 Gyr

produces the same overall abundance patterns found in Fig. 2.5 and Fig. 2.6 with

the largest differences being a 4% abundance increase in Th232, and a 13% abundance

increase in U238. The rest of the quasi-stable elements, such as Rb37, La138, Sm147,

Lu176, Re187, and Pt190, have less than a 2% abundance change.

The Mini-BooNE experiment is designed to study neutrino mixing in the range of

the positive LSND result. One possible implication of this result is the existence of a

sterile neutrino. In such a scenario the range of mixing parameters yielding a success-

ful r-process in our calculations overlaps with the parameter range of Mini-BooNE. In

Fig. 2.7, we compare our r-process allowed region for two outflow timescales, τ = 0.1 s

and τ = 0.3 s, with the combined null-short baseline (NSBL) and liquid scintillator

neutron detector (LSND) (3+1) 99% confidence level (CL) data, with lower CL re-

gions naturally residing inside the 99% region. A compilation of the NSBL and LSND
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data is described in detail in Ref. [5]. It should be noted that several factors impact

the location of the r-process region and hence any compatibility with the NSBL and

LSND data. The choice of expansion timescale, τ , alters the electron fraction and

shifts the points where active-sterile MSW flavor transformation occurs.

Finally, we caution that the inclusion of the neutrino background terms in the

weak potential can significantly change the r-process abundances [75]. However, at

late times the luminosity decreases, decreasing the effect of background terms [75]. In

our calculations which do not include the background, we find that a reduced electron

neutrino luminosity of Lν = 5 × 1050 ergs s−1 and a reduced electron anti-neutrino

luminosity of Lν̄ = 6.5 × 1050 ergs s−1 can still yield a robust r-process solution.

Future studies of neutrino transformation fully inclusive of background terms done

together a hydrodynamical wind calculation will determine the extent to which r-

process nucleosynthesis products will be produced and also escape the star.

2.7 Conclusions

We have examined nucleosynthesis in the neutrino-driven wind in the post-core

bounce supernovae environment. We find that inclusion of active-sterile neutrino

transformation yields an r-process pattern where only the second and third of the r-

process peaks are produced for a broad range of neutrino mixing parameters. Analysis

of data from halo stars has suggested that there are at least two separate types of

events which make r-process nuclei [1]. Further-more the analysis suggests one of

these mechanisms operates early in the evolution of the universe and makes primarily

the second and third r-process peaks.

Fission cycling is responsible for the establishment of a stable r-process pattern.

As long as many neutrons exist during the phase of neutron capture, nuclei are

created with sufficiently high mass number that they are unstable to fission. Below

a threshold (Ye . 0.3) in our model the resulting abundance pattern is not sensitive

to the magnitude of the free neutron abundance and therefore the number of times

the fission cycle occurs.

We find our allowed r-process region has overlap with the parameter space to be
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probed by the Mini-BooNE experiment. The extent of this overlap is dependent on

uncertainties in the astrophysical environment and in the neutrino transformation

calculations; however, the existence of a sterile neutrino in the parameters space that

will be probed by Mini-BooNE will directly influence element production in core-

collapse supernova.
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Chapter 3

Fission Cycling in a Supernova

r-process

Recent halo star abundance observations exhibit an important feature of conse-

quence to the r-process: the presence of a main r-process between the second and

third peaks which is consistent among halo stars. We explore fission cycling and

steady-β flow as the driving mechanisms behind this feature. The presence of fission

cycling during the r-process can account for nucleosynthesis yields between the sec-

ond and third peaks, whereas the presence of steady-β flow can account for consistent

r-process patterns, robust under small variations in astrophysical conditions. We em-

ploy the neutrino-driven wind of the core-collapse supernova to examine fission cycling

and steady-β flow in the r-process. As the traditional neutrino-driven wind model

does not produce the required very neutron-rich conditions for these mechanisms, we

examine changes to the neutrino physics necessary for fission cycling to occur in the

neutrino-driven wind environment, and we explore under what conditions steady-β

flow is obtained.

3.1 Background

The production of neutron capture elements early in the universe is recorded in the

abundances of Galactic halo stars. The two mechanisms responsible for generating
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most neutron capture elements are the r-process and the s-process, with the r-process

generating about half of the nuclides with A & 100 [8, 9, 12]. The observed r-process

abundance distribution in metal-poor halo stars diverges above and below Z ≈ 58 into

two distinct patterns [84, 51, 85, 4, 86, 87, 88, 89, 79, 90, 91, 92]. These patterns are

defined by their consistency with the solar and halo star r-process abundances. The

low r-process pattern (Z . 58) may result from the contributions of a light element

production process (LEPP), see e.g. Montes et al. 2007 [93] for additional discussion.

The high abundance (58 . Z . 76) pattern, known as the main r-process, is very

consistent among both the available halo star data and the solar system r-process

abundances [94, 95]. We suggest the existence of a main r-process implies that a

robust mechanism is producing elements from the second (A ≈ 130) through the

third (A ≈ 195) r-process peak region [96, 97].

While there has been success in observing the abundance fingerprints of the r-

process, determining the astrophysical production site(s) remains an open question

[62, 19, 20, 98, 99, 34]. A promising candidate site for the r-process is the neutrino-

driven wind of the post-bounce core-collapse supernova, as the amount of r-process

material ejected can account for the Galactic abundances [20, 26]. Also, the frequency

of the core-collapse supernova event is sufficiently rapid to produce r-process material

early in the universe, in accordance with the r-process abundances observed in very

metal-poor stars [54]. However, traditional models of the neutrino-driven wind do

not quite yield an r-process due to the low free neutron abundance at the r-process

epoch [58, 27].

The r-process requires a neutron-to-seed ratio of R & 100 for production of the

heaviest, A ≈ 195, peak [12]. Uncertainties in the wind model may be responsible for

this shortcoming as R is related to both the entropy, S, and the dynamical timescale,

τ , and both are sensitive to the the proto-neutron star physics, see e.g. [11]; an

increase of S and a decrease of τ both lead to a higher initial neutron-to-seed ratio,

R [58]. These changes would likely require a compact and/or massive proto-neutron

star [22, 27, 23, 24, 26]. Additional studies have looked to a prompt supernova

explosion mechanism for producing the neutron-rich conditions necessary for the r-

process [28, 29], although the physical realization of a prompt explosion scenario
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remains uncertain [100, 101].

An avenue that has been suggested for generating a suitable neutron-to-seed ratio

is a shocked wind solution. A supersonic wind expansion, reducing seed formation

during the α-particle formation epoch, is followed by a deceleration at late times

[102, 27] which allows the remaining free neutrons to be fully reincorporated into the

r-process. Recent r-process models in this supersonic outflow scenario can reproduce

the solar system abundances, but require an artificially high neutron-to-proton ratio

[103]. Alternate wind solutions generated solely by magnetic fields or acoustic waves,

e.g. [104, 105], also do not appear to produce a high enough neutron-to-seed ratio

for an r-process. Given these difficulties, alternative sites remain viable candidates,

including neutron star mergers [99] and gamma ray bursts [30, 31].

In the neutrino-driven wind environment, charged-current neutrino reactions on

both nucleons and nuclei determine the neutron-to-seed ratio for the r-process. The

relevant neutrino interactions on nucleons are

νe + n
 p + e−, (3.1)

ν̄e + p
 n + e+. (3.2)

For example, when electron anti-neutrino capture creating neutrons, Eqn. 3.1, is

favored over electron neutrino capture creating protons, Eqn. 3.2, a higher neutron-

to-proton ratio results. These reactions are sensitive to the hardness of the electron

neutrino and anti-neutrino spectra, which we parameterize by the effective electron

neutrino and anti-neutrino temperature, Tνe and Tν̄e , the electron neutrino and anti-

neutrino luminosity, Lνe and Lν̄e , and the distance from the center of the proto-

neutron star. An analytic form of these neutrino-nucleon capture rates is found

in [59]. Neutrino-nucleon reactions are responsible for the “alpha” effect, a critical

detriment to the r-process in the presence of a high electron neutrino flux during the

α-particle formation epoch [50, 59, 60]. There have been several physical modifications

proposed to reduce the efficacy of the “alpha” effect; for instance, a fast outflow wind

[58] or active-sterile neutrino oscillations [43, 75, 106] lead to a successful r-process.

Both mechanisms reduce the capture of free neutrons by electron neutrinos during

the α-particle formation epoch, allowing for a successful r-process.
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When classifying the neutron richness of the r-process, we employ the electron

fraction:

Ye =
Np

Np +Nn

, (3.3)

where Nn and Np are the total neutron and proton number densities including both

free nucleons and those in nuclei. The neutron-to-proton ratio may be taken as

Nn/Np. Environments with a low electron fraction have the high free neutron den-

sities necessary to drive the rapid capture of neutrons onto seed nuclei, generating

increasingly heavier nuclides by atomic weight, A. During the r-process, these nuclei

capture neutrons, become increasingly beta unstable, and undergo β-decay to proceed

to a larger atomic number, Z. After β-decay, the nuclide can again capture neutrons

and the cycle repeats. As the supply of free neutrons dwindles, the nuclides decay

back to β-stability. The union of rapid neutron capture and β-decay results in an

abundance pattern distinguished by large peak features at A ≈ 80, 130 and, 195,

the first, second, and third peaks respectively. These peaks correspond to the closed

shell nuclei with slow β-decay rates, creating “waiting points”, causing material to

accumulate at these points.

Abundances of the second and third r-process peaks, and the intermediate nuclei

between them, are defined by the nuclear properties of the r-process under conditions

where both steady β-flow and fission cycling persist [17]. Fission cycling occurs for

sufficiently neutron-rich conditions where the r-process extends to nuclides that can

decay through fission channels. Fission impacts the r-process by terminating the

path near the trans-uranium region. This termination results in material returning

to the A ≈ 130 peak [107]. If neutron-rich conditions persist, these fission products

effectively become new seed nuclei for the r-process, facilitating steady β-flow.

Once a sufficient supply of both neutrons and seed nuclei are available, steady-β

flow correlates the r-process abundances to their inverse β-decay rates, see e.g. [10]

for further discussion. The individual abundances in N along an isotopic chain are

determined by (n,γ) � (γ,n) equilibrium. These correlated abundances span two or

more of the closed-shell regions, and when occurring between the second, A ≈ 130,

and third, A ≈ 195, r-process peaks, are a set of isotopic chains between 58 . Z . 76.
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The Z of the last chain is determined by fission. The first and last chains are linked as

material leaving the last chain becomes the seed nuclides for the first chain through

fission cycling. The rate change of the total abundance of an isotopic chain, Y (Z), is

the difference between material entering and exiting the chain by β-decay,

Ẏ (Z) =
∑
A

Y (Z − 1, A)λβ(Z − 1, A) (3.4)

−
∑
A

Y (Z)λβ(Z,A).

Above, the individual abundances of an isotopic chain are Y (Z,A), and the individual

β-decay rates are λ
β
(Z,A). If both (n,γ) � (γ,n) equilibrium and re-population of

the seed nuclei persist, the flow of material between isotopic chains reaches a steady-

state configuration and the abundances and β-decay rates of each isotopic chain are

inversely related as: ∑
A

Y (Z,A)λβ(Z,A) = const. (3.5)

This is known as the steady β-flow condition.

Here we examine fission cycling and steady-β flow mechanisms and discuss their

impact on the r-process in the neutrino-driven wind. We also explore changes to

the neutrino physics, independent of a physical generator, that lead to environments

where fission cycling and steady-β flow mechanisms are present in the neutrino-driven

wind. In section 3.2, we describe the details of our calculation in the neutrino-driven

wind. In section 3.3 we describe how fission cycling influences the r-process. Section

3.4 describes how steady-β flow leads to a robust r-process pattern. In section 3.5

we detail how the neutrino spectrum influences the r-process environment. In section

3.6, we summarize the results.

3.2 Description of Nucleosynthesis Modeling

The neutrino-driven wind forms several seconds post-core bounce in the core-

collapse supernova environment, and a one-dimensional wind model is often em-

ployed to describe the abundance composition of the isotropic outflow [20, 108].
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Two-dimensional wind models have been employed previously; however, these cal-

culations do not self-consistently account for neutrino interactions, necessitating the

use of an artificial Ye [109]. Here we follow the same wind parameterization as [106].

Unless otherwise noted, our calculations use an entropy per baryon of s/k = 100, an

outflow timescale of τ = 0.3 s, an initial density of ρo ≈ 1.7 × 108 g/cm3, and an

initial radius of r7 ≈ 0.1, in units of 107 cm.

We track the abundance composition of a mass element, following ejection from the

proton-neutron star, using three coupled reaction networks. The element is initially

in Nuclear Statistical Equilibrium (NSE), and we follow it using a NSE network

[43] until α-particles begin to form, T9 ≈ 10, where T9 is in units of 109 K. Next, we

track the mass element throughout α-particle formation with an intermediate network

calculation [44] that includes strong and electromagnetic rates tabulated by [46]. We

have added electron-capture, positron-capture, neutrino-capture, and anti-neutrino-

capture rates from [110] to both networks. As material reaches the r-process epoch,

T9 ≈ 2.5, we use an r-process network [45, 111] that handles the relevant reactions of

β-decay, β-delayed neutron emission, neutron capture, and photo-disintegration, and

we include charged-current neutrino interactions. We use β-decay rates and neutron

separations from [48], neutron capture rates from [46], and neutrino-capture rates

from [110]. A complete description of the network calculation can be found in [106].

3.3 Fission Cycling

Fission decay joins β-decay, neutron capture, and photo-dissociation as a primary

reaction channel for r-process nuclides near the trans-uranium region, as previously

mentioned. Nuclei that undergo fission provide a termination point for the r-process

by preventing the production of heavier nuclides past this region. After the nuclide

undergoes fission, it fragments into smaller nuclides that rejoin the r-process in the

A ≈ 130 region. This leads to fission cycling, with the fission daughter products

acting as seed nuclei for the r-process.

A knowledge of both the location of fission and the resultant distribution of fission

fragments are necessary for detailed calculations of the r-process in very neutron-rich
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environments. Treatments of fission in the r-process [55, 78, 77, 112] have been lim-

ited to largely phenomenological methods since there are few measurements of the

fission properties for neutron-rich heavy nuclides. This current study is concerned

with the general effects of fission on the r-process. We employ β-delayed fission prob-

abilities from [113] which are relevant to our mass model and astrophysical conditions.

We indirectly include the effects of neutron-induced fission, as no complete and con-

sistent set of neutron-induced rates is available, by employing a spontaneous fission

region for A & 270, where all of the nuclides instantaneously fission, following previ-

ous treatments described in [114]. We implement fission by depopulating the parent

fission nuclide into its appropriate daughter nuclides at the end of each timestep

in our network code. The effects of neutrino-induced fission are small and are not

included [115, 116]. We employ phenomenological fission distributions, following pre-

vious studies described in [114], to elucidate the primary effects fission cycling has on

the r-process pattern. We also include fission-induced neutron emission when noted,

implementing a piecewise linear fit of the values from [117]. We treat the emitted

neutrons as becoming immediately thermalized with the surrounding medium.

As the fission material is re-incorporated in the A ≈ 130 peak, this material

experiences “waiting points” and accumulates here as β-decay is necessary for material

to move from one isotopic (Z) chain to the next (Z+1) chain. The material is initially

compacted together in atomic mass space, A, and then disperses through β-decay.

Note that some material remains in each peak region during the fission cycling process

as β-decay does not fully deplete each peak.

To examine the accumulation of material during this β-decay dispersion process,

we compare abundances in the second and third r-process peaks,

Rpeak =

200∑
A=190

Y (A)

135∑
A=125

Y (A)

. (3.6)

Figure 3.1 demonstrates Rpeak for a range of Ye. The Ye is from the start of of

the r-process epoch. Each point represents an individual nucleosynthesis outcome
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resulting from a unique choice of electron neutrino and anti-neutrino luminosities in

the neutrino-driven wind. The left-most portion (Ye & 0.3) of Fig. 3.1, where Rpeak

is zero, denotes where final r-process abundances extend from the second peak and

up to the rare earth region. The first bump, at Ye ≈ 0.3, denotes patterns where the

heaviest r-process nuclides occupy the third peak and have partially left the second

peak. Once past this bump, the heaviest r-process nuclides are beyond the third peak

and have reached the fission region, and re-incorporate into the second peak.
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Figure 3.1: The final Rpeak (Eqn. 3.6) resulting from a symmetric fission distribution
for two different outflow timescales, τ = 0.1 s (circles) and τ = 0.3 s (squares),
is shown for a variety of electron fractions, Ye. For very neutron-rich conditions,
Ye . 0.1, a consistent r-process pattern forms between the second, A ≈ 130, and
third, A ≈ 195, peak region. Fission cycling during the r-process links the second
and third peaks, as material that captures out of the third peak reaches the fission
regime. The resulting fission daughter products then rejoin the r-process at the second
peak.

The behavior of fission under very neutron-rich conditions can be quantified by

the number of fission cycles. When a nuclide fissions, there is an increase of heavy

nuclei in abundance as multiple daughter nuclides are produced. The doubling of the
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total abundance is a fission cycle,

Λ = log2(Yend)− log2(Ystart), (3.7)

where Λ is the number of fission cycles and Ystart and Yend are the total abundance

before and after fission cycling respectively. The relationship between the electron

fraction, Ye, and both the number of fission cycles and neutron-to-seed ratio at the

start of the r-process epoch is shown in Fig. 3.2 for our baseline calculation as

described in Sec. II. The number of free neutrons per seed nuclei is influenced by the

location of the fission termination point of the r-process. For our standard calculation,

we find fission cycling initially occurs for a neutron-to-seed ratio & 200, consistent

with previous studies, e.g. Meyer et al. 1997 [80].

In Fig. 3.1, cycles occur at the minima past each bump and extend to the next

minima. For example, the first fission cycle ranges from the minima at Ye ≈ 0.17 to

the minima at Ye ≈ 0.09. Significant fission cycling occurs for increasingly neutron-

rich conditions, and, under very neutron-rich conditions, the movement of material

entering and leaving a peak reaches equilibrium, a consequence of steady β-flow.

The equilibrium Rpeak, due to fission cycling, appears as the straight region of

the curve in Fig. 3.1 for Ye . 0.1, and does not change significantly for variations

in the wind conditions. This is depicted in Fig. 3.1 as the equilibrium peak ratio

is not strongly affected by choice of the outflow timescale. Here, this stability is

demonstrated for the wind outflow timescales of τ = 0.1 s and τ = 0.3 s.

The equilibrium value of Rpeak is sensitive to properties of the fission model. In

particular, it is sensitive to the specific location within the second peak to which

fission returns material, as the presence of waiting points here dictate the flow and

accumulation of material. Material deposited at or below closed-shell nuclei flow to

a waiting point, and remain in this peak region longer than material deposited above

the closed-shell nuclei. The accumulation of material in the A ≈ 130 peak leads to

smaller values of Rpeak. Material arriving above the closed-shell bypasses the waiting

point and continues flowing to heavier regions, leading to larger values of Rpeak.

In Fig. 3.3 we show specific examples of the consequences to Rpeak resulting from

different fission daughter product distributions. We consider cases of fission daughter
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Figure 3.2: The correspondence between Ye and both the number of fission cycles,
Eqn. 3.7, and the neutron-to-seed ratio are shown for the conditions of Fig. 3.1
for our τ ≈ 0.3 s standard calculation. Each data point represents the outcome of
an individual r-process calculation with different initial neutrino and antineutrino
luminosities. The overlap in the number of fission cycles results from the influence
of neutrinos on the abundance pattern as different sets of unique neutrino spectrum
can result in similar electron fractions. Material begins to fission when & 200 free
neutrons are present for each seed nuclei.

product distributions with both symmetric and asymmetric modes. Symmetric distri-

butions have daughter nuclides that are close in both charge, Z, and mass, A. These

distributions deposit more material at or below the closed-shell nuclides and have a

smaller equilibrium Rpeak, shown as circles in Fig. 3.3. Asymmetric distributions have

daughter product distributions whose charge and mass are separated proportionally

by a scaling factor, resulting in one daughter being larger in both A and Z than the

other. This leads to more material being deposited above the closed-shell nuclides

and a higher equilibrium Rpeak, shown as diamonds in Fig. 3.3. When neutrons are

emitted during the course of fission, fewer daughter products lie above the close-shell

nuclei, lowering the equilibrium Rpeak from the asymmetric case, shown as squares
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in Fig. 3.3. Detailed knowledge of both the fission location and daughter product

distributions is required to fully model the r-process abundances in very neutron-rich

environments.
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Figure 3.3: Same as Fig. 3.1, but compares the effects of different fission daughter
product distributions. The distribution of daughter products determines if material
is deposited above or below the closed-shell nuclei in the A ≈ 130 peak. Fission
distributions depositing material above the closed-shell nuclides, asymmetric fission
(diamonds), leads to a higher equilibrium Rpeak, as more material is cycled through
the A ≈ 130 peak. Distributions depositing material below the peak, symmetric
fission (circles), have a lower equilibrium Rpeak and cycle less material through the
peak region. Fission-induced neutron emission deposits additional material below
the closed-shell nuclides, lowering Rpeak, and is shown above for asymmetric fission
(squares).

The change in abundance of the various r-process peaks during fission cycling, as

depicted in Fig. 3.1 and 3.3, can be phenomenologically described by the effective rate

of material entering and exiting the major peak regions. The effect of fission cycling

on the peak abundances is modeled by approximating the flow of fission material as

rapid compared to the flow leaving the A ≈ 130, the rare earth, and the A ≈ 195
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peak regions. The rate of abundance change in each peak becomes:

Ẏ130 = −Γ130(t)Y130 + fΓ195(t)Y195 (3.8)

ẎEarth = −ΓEarth(t)YEarth + Γ130(t)Y130 (3.9)

+ (2− f)Γ195(t)Y195

Ẏ195 = −Γ195(t)Y195 + ΓEarth(t)YEarth (3.10)

where Y is the abundance of each peak and Γ is the rate of decay leaving a region,

with the subscripts corresponding to the A ≈ 130, rare earth, and A ≈ 195 peaks.

Here f is the distribution of fission daughter products between the A ≈ 130 and rare

earth regions. For purposes of illustrating the toy model, we take all fission products

as arriving to the A ≈ 130 region, f = 2. The equilibrium (steady β-flow) behavior

of fission cycling is depicted in the far right-hand region of Fig. 3.1. For discussion

of solutions for long-time fission cycling see [17]. The transient region prior to steady

β-flow equilibrium is dependent on the flow (decay rate) of material leaving each peak

region, Γ130, ΓEarth, and Γ195. The effective flow out of a region is determined by the

β-decay rate of each isotopic chain, as material is in (n, γ)� (γ, n) equilibrium during

this fission cycling phase. Additionally, this outflow is determined by the population

of nuclides within a peak, since the individual β-decay rate changes from nuclide to

nuclide. As a consequence, various nuclides are populated while material is flowing

through each peak, leading to changes in the effective flow out of each peak. For

example, the effective flow rate in the A ≈ 130 peak slows as the closed shell nuclides,

with slow β-decay rates, are populated. We employ our phenomenological model to

highlight the change in the effective flow rate in Fig. 3.4, for the A ≈ 130 peak region

with a Ye = 0.05 at the start of the r-process. Here, the fluctuation in the decay

rates of a peak corresponds to the changing of individual nuclide abundances. The

movement of material within a peak is demonstrated by the corresponding change of

the weighted atomic number, Z. As the conditions in Fig. 3.4 are very neutron-rich,

sufficient for steady β-flow, the right-most portion depicts a straight line for both

the effective flow rate and Z, since steady β-flow leads to isotopic chain abundances

determined by the β-decay rate of each chain.
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Figure 3.4: Under very neutron-rich conditions the effective decay rate of the peaks
oscillate until equilibrating at the steady β-flow rate. The abundance weighted

atomic number, Z =
60∑

Z=45

Z Y (Z)/
60∑

Z=45

Y (Z), (dashes) is plotted with the abun-

dance weighted β-decay rate, Γ =
60∑

Z=45

Γβ(Z) Y (Z)/
60∑

Z=45

Y (Z), of an isotopic chain

(solid) for the second, A ≈ 130, peak region, versus time, t. The oscillation of the
decay rates in the peak regions are due to the changing population of different nu-
clides during the course of fission cycling. To elucidate abundance changes between
isotopic chains, the data above results from our phenomenological model, Eqn. 3.8,
under conditions with an Ye = 0.05 at the start of the r-process epoch (T9 ≈ 2.5).

3.4 Steady Beta Flow

As discussed in Sec. 3.1, the abundances of the r-process become fully determined

under conditions where both fission cycling and steady β-flow occur. We now examine

consequences to the final r-process abundances resulting from steady β-flow. In Fig.

3.5, the steady-β flow condition, Eqn. 3.5, is tested and fulfilled for very neutron-

rich conditions in the neutrino-driven wind, appearing as a straight line between the

second and third peaks of the r-process, the main r-process region. For less neutron-
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rich conditions, steady-β flow does not obtain as there are not enough free neutrons

to sustain re-population of the seed nuclei by fission cycling.
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Figure 3.5: We plot the steady β-flow condition,
∑
A

Y (Z,A)λβ(Z,A), versus atomic

number, Z, for two different Ye’s in the neutrino-driven wind. For the case with an
Ye = 0.1 at the start of the r-process epoch, conditions are sufficiently neutron-rich for
steady β-flow, marked by a straight line. The case with Ye = 0.3 is not neutron-rich
enough for steady β-flow to obtain.

A set of typical abundances resulting from steady-β flow, occurring for very

neutron-rich conditions in the neutrino-driven wind, are depicted in Fig. 3.6. The

individual Ye’s are produced by a unique choice of initial neutrino and anti-neutrino

luminosities, in the same manner as Fig. 3.1. Our abundance patterns reproduce

the general peak structure of the main r-process between the second and third peaks

and is robust over a wide range of conditions in the neutrino-driven wind, directly

resulting from the pairing of both fission cycling and steady β-flow. Improvement to

a nuclide by nuclide abundance comparison between calculation and both solar and

halo star abundance data requires further understanding of the nuclear properties
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of nuclei far from stability and processes that influence the abundance pattern after

freeze-out [118, 119, 120].

Abundance yields resulting from the joint operation of both fission cycling and

steady beta flow produce a consistent pattern of r-process abundances that extends

to elements in the actinide region. The main r-process does not appear to extend past

Z > 82, however. It is possible that the abundance of elements in the actinide region

relative to those between the second and third r-process region can be influenced by

mechanisms external to the formation of the r-process by both fission cycling and

steady beta flow, allowing the final abundances of these elements to emerge indepen-

dently from the consistent pattern of r-process elements between the second and third

peak region. These mechanisms may include post-freeze-out neutrino-induced fission

[120] and contributions from an r-process that only yields elements near the actinide

region [121]. Additional discussion on the abundance of the r-process elements in the

actinide region may be found in Goriely and Arnould 2001 [121].

It has previously been shown, e.g. Otsuki et al. 2003 [122], that consistent patterns

of r-process elements form in the rare earth region, between 60 . Z . 70, due to

the absence of waiting point nuclei in this region. Under particular wind conditions,

τ = 0.005 s for example, the resulting r-process abundance pattern can reproduce the

full, observed region of consistent r-process elements, 56 . Z < 76 [95], as found in

the halo star data. In contrast, our calculations demonstrate that when steady β-flow

is jointly accompanied by fission cycling, the region of universality is not dependent

on the wind conditions and extends between the fission daughter products and the

fission termination point of the r-process.

3.5 Influence of Neutrinos on the Electron Frac-

tion

After neutrinos extricate material from the surface of the proto-neutron star, the

newly released material is composed entirely of free nucleons. Although we dynami-

cally calculate the Ye in our models, it is pedagogically useful to examine the electron
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Figure 3.6: When conditions neutron-rich enough for steady β-flow occur, a consistent
r-process pattern emerges regardless of the initial Ye. The details of the abundance
pattern are dependent on the nuclear physics employed in the mass model, as dis-
cussed in the text. The abundance, Y , is plotted versus the atomic number, Z, for
these very neutron-rich conditions. The dashed line is generated in the neutrino-
driven wind for Lνe = 0.02 and Lνe = 3.0, the dashed-dotted line for Lνe = 0.01 and
Lνe = 4.0, and the solid line for Lνe = 0.006 and Lνe = 6.0. The electron neutrino and
anti-neutrino luminosities, Lνe and Lνe , are in units of ×1051 ergs s−1. The effective
temperature of the electron neutrinos is Tνe = 3.5 MeV and for the electron anti-
neutrinos is Tνe = 4.5 MeV. Labeled is Ye at the start of the r-process epoch. The
black line represents the solar system abundances from [6], and the gray diamonds
are the r-process abundances from the halo star HD 221170 [7]. All abundances are
scaled to 10−4 at Z = 52.

fraction through the approximation of weak equilibrium. Since neutrino and anti-

neutrino rates dominate electron and positron capture, the initial weak equilibrium

Y
(0)
e is

Y (0)
e ≈ 1

1 + λν̄e/λνe
. (3.11)

The rates of electron neutrino capture on neutrons and electron anti-neutrino

capture on protons are λνe and λνe respectively. An increase in the electron anti-

neutrino capture rate, achievable by either boosting the electron anti-neutrino flux
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or hardening the electron anti-neutrino spectra, will tend to decrease Ye, while an

increase in the neutrino capture rate will tend to increase Ye.

Farther away from the proto-neutron star, as material in the expansion continues

to cool, α-particles form and contribute to the weak equilibrium Ye approximation,

Ye ≈ Y (0)
e +

(
1

2
− Y (0)

e

)
Xα. (3.12)

Here, Xα represents the mass fraction of α-particles.

The formation of α-particles is enhanced in the presence of a strong electron

neutrino flux, as electron neutrinos capturing on free neutrons create new effective

proton seeds for α-particle formation. These effective seeds quickly capture additional

neutrons which continues to drive the Ye to 1/2. The depletion of neutrons from both

neutrino capture and α-particle formation is known as the alpha effect, and this alpha

effect must be removed for neutron-rich conditions to obtain for the r-process.

We look to neutrino luminosities and spectral properties for the removal of the

alpha effect. Since weak equilibrium does not fully obtain in the neutrino-driven

wind, we use the following procedure to calculate Ye instead of the weak equilibrium

approximation described above. Starting from a prospective set of neutrino effective

temperatures and luminosities, we adjust the initial Fermi-Dirac neutrino spectrum.

Then we self-consistently account for both the evolution of the updated neutrino

spectrum in the neutrino-driven wind and the relevant changes to the abundance.

From this, we dynamically account for the Ye throughout the nucleosynthesis epochs.

For a full description see [106].

We first examine Ye’s resulting from a range of neutrino effective temperatures.

Before the formation of α-particles, T9 ≈ 9.4, the Ye’s from our model are consis-

tent with weak equilibrium. The Ye increases with larger electron neutrino effective

temperatures as these higher temperatures result in more protons being converted to

neutrons. This results from electron neutrino capture on neutrons, Eqn. 3.1. Con-

versely, larger anti-neutrino energies produce a lower Ye, a consequence of electron

anti-neutrino capture, Eqn. 3.2. The ranges of neutrino effective temperatures de-

picted in the top panel of Fig. 3.7 result in Ye between 0.1 . Ye . 0.6, and the

low Ye portion of the region seems initially promising for a successful r-process. In
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Fig. 3.7, the luminosity of the electron neutrinos is 1× 1051 ergs s−1 and the electron

anti-neutrino luminosity is 1.3× 1051 ergs s−1.

After α-particle formation and charged particle reactions have occurred, conditions

generated by changes to the neutrino effective temperatures do not lead to a successful

r-process. The Ye at the r-process epoch is shown in the bottom panel of Fig. 3.7,

and is noticeably compressed by the alpha effect, ranging between 0.4 . Ye . 0.5.

The Ye is increased compared to the previous epoch as the alpha effect has converted

free neutrons into additional effective proton seed nuclei. These values of Ye are not

neutron-rich enough to lead to a successful r-process.

The second case we examine is for changes in the neutrino and anti-neutrino lu-

minosities. Although initially similar, they lead to a decidedly different outcome, as

environments where sufficient reductions in the electron neutrino luminosity occur

can lead to a successful r-process. When both the neutrino and anti-neutrino lumi-

nosities are significantly reduced compared to traditional models, electron capture

and positron capture become important and influence the electron fraction,

Ye ≈ 1/[1 + (λν̄e + λe−)/(λνe + λe+)], (3.13)

where λe− and λe+ are the electron and positron rates respectively [59]. When

electron-positron pairs are important, as they are here, these rates tend to increase the

Ye and begin influencing the Ye when the neutrino luminosities are Lνe . 1050 ergs s−1

and Lνe . 5 × 1050 ergs s−1. For wind solutions where neutrinos are less prevalent,

a weak equilibrium Ye dictated by electron and positron capture would not be suffi-

ciently neutron-rich for the r-process.

For reductions in the electron neutrino luminosity relative to the traditional wind

model, but not in the electron anti-neutrino luminosity, a very large variety of Ye’s

result, 0.1 . Ye . 0.8, as shown in the top panel of Fig. 3.8. Similar to the case

with effective neutrino temperatures, lowering the electron neutrino luminosities, Lνe ,

decreases the Ye and leads to neutron-rich conditions. These early Ye’s from the

changed rates in Eqn. 3.1 and Eqn. 3.2 are again consistent with the weak equilibrium

values. For all of Fig. 3.8, we take the effective electron neutrino temperature to be

Tνe = 3.5 MeV and the electron anti-neutrino temperature as Tνe = 4.5 MeV.
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Figure 3.7: The electron fraction, Ye, is shown over a range of electron neutrino and
anti-neutrino temperatures, Tν and Tν . The “alpha” effect equally binds protons
and neutrons into α-particles which drives the electron fraction to Ye ≈ 1/2 and
prevents an r-process. Regions of Ye before α-particle formation (T9 ≈ 9.4), top
panel, initially appear favorable to the r-process; however, the “alpha” effect has
pushed Ye near 1/2 by the start of the r-process epoch (T9 ≈ 2.5), bottom panel. The
effective electron neutrino and anti-neutrino temperatures, Tν and Tν , are in units of
MeV. The electron neutrino luminosity is Lν = 1 × 1051 ergs s−1 and the electron
anti-neutrino luminosity is Lν = 1.3× 1051 ergs s−1.
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Figure 3.8: The electron fraction, Ye, is shown over a range of electron neutrino and
anti-neutrino luminosities, Lν and Lν . A reduction in the electron neutrino luminosity,
Lν , prevents the “alpha” effect and leads to a successful r-process. The “alpha” effect
is avoided as reducing the electron neutrino luminosity, Lν , lowers the rate of neutrino
capture on neutrons forming protons, Eqn. 3.1. The electron fraction, Ye, is favorable
for the r-process before α-particle formation (T9 ≈ 9.4), top panel, and reductions
in Lν lead to a low Ye conditions for the r-process, bottom panel. The electron
neutrino and anti-neutrino luminosities, Lν and Lν , are in units of ×1051 ergs s−1.
The effective temperature of the electron neutrinos is Tν = 3.5 MeV and for the
electron anti-neutrinos is Tν = 4.5 MeV. For low values of both Lν and Lν , electron
and positron capture set the Ye.
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Near the r-process epoch, T9 ≈ 2.5, changes to the neutrino luminosities continue

to produce a large spread of Ye’s, as depicted in the bottom panel of Fig. 3.8. A

successful r-process can occur for reductions to the electron neutrino luminosity of

Lνe . 2.3 × 1050 ergs s−1. For these decreased electron neutrino luminosities, the

depletion of free neutrons by the alpha effect is diminished as fewer new protons are

made available through Eqn. 3.1. The neutrino luminosities that lead to a successful

r-process are shown by all three shaded regions in Fig. 3.9.

Figure 3.9: Under the wind conditions of Fig. 3.8, neutrino luminosities, Lν and Lν in
units of ×1051 ergs s−1, necessary for a successful r-process (all shaded regions), the
presence of fission cycling (medium gray and black), and for the presence of steady
β-flow (black) are shown.

We note that neutron-rich conditions beyond the minimum required to produce

an r-process occur in our study of the neutrino luminosities. In fact, order of mag-

nitude reductions of Lνe lead to conditions where fission cycling can occur in the

r-process. For a τ = 0.3 s wind timescale, Ye . 0.17 are sufficient to lead to fission

cycling, depicted in the medium gray and black regions of Fig. 3.9. Conditions even

more neutron-rich, Ye . 0.1, lead to a steady flow solution within fission cycling,

as described in Sec. 3.4, reproducing the general features of the halo star data and
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providing an intriguing solution for the realization of a main r-process. This scenario

is shown in Fig. 3.9 as the black region. The necessary large reductions to the Lνe

could be a consequence of either active-sterile neutrino oscillations [106] or other new

physics.

3.6 Conclusions

In the neutrino-driven wind, fission cycling during r-process nucleosynthesis occurs

for low electron fractions, and when combined with steady β-flow, reproduces the basic

features of the main r-process. During fission cycling, material effectively captures

out of the third peak and returns to the second peak by fission processes, linking the

second and third peaks, and creating a main r-process. For 0.1 . Ye . 0.3, these

abundance patterns retain some dependence on the initial Ye.

At even lower electron fractions, Ye . 0.1, steady-β flow occurs during the r-

process and the abundance patterns produced are consistent over small changes to

the astrophysical conditions. Steady-β flow is a consequence of the presence of both

fission cycling and (n, γ) � (γ, n) equilibrium. Fission cycling creates seed nuclei

at the second peak, and (n, γ) � (γ, n) equilibrium determines the r-process path.

After (n, γ)� (γ, n) equilibrium fixes the path, β-decay between the isotopic chains

equilibrate as the first and last chains are connected by fission. This produces an

abundance pattern which is not sensitive to the exact initial Ye. The steady-β flow

abundances strongly depend on the details of fission.

As the final r-process abundance pattern is very sensitive to the details of fission,

see Fig. 3.3, it is paramount to improve our understanding of which heavy nuclides

participate in fission during the r-process and to develop a more precise determina-

tion of the daughter products that result. The presence of fission in the r-process

may provide a termination point for the r-process, furthering the understanding of

which heavy nuclides play a role in the r-process. Under neutron-rich conditions,

the distribution of fission daughter products influences the shape of the r-process. If

the r-process occurs in very neutron-rich environments, the fission daughter product

distribution also determines the starting isotopic chain of steady-β flow, impacting
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the region where steady-β flow abundances form and may be important to the un-

derstanding of the formation of a main r-process.

Low Ye’s at the r-process epoch are not found in the traditional neutrino-driven

wind. Before the onset of alpha particle formation, a large range of electron neutrino

and anti-neutrino effective temperatures and luminosities would yield low Ye environ-

ments. The electron fraction is driven to Ye ≈ 1/2 as alpha particle formation binds

protons and neutrons in equal numbers. Changes to the effective temperatures in the

ranges of 0.5 MeV < Tν < 4 MeV for electron neutrinos and 3 MeV < Tν < 7 MeV

for electron anti-neutrinos result in environments with an “alpha” effect and do not

yield a main r-process. Given the physics discussed in this paper, realization of the

main r-process in a conventional neutrino-driven wind is a challenge. However, it

can occur with a reduction in the electron neutrino capture rate while the electron

anti-neutrino capture rate remains unchanged. Future studies on the details of neu-

trinos, particularly in the post-core bounce supernova environment, as well as physics

beyond the standard model, would benefit the understanding of an r-process in the

neutrino-driven wind.
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Chapter 4

The Role of the 130Sn (n,γ) Rate in

the r-process

We examine how the neutron capture cross section of 130Sn is pivotal in shap-

ing the global r-process abundance pattern generated in the neutrino-driven wind of

the core-collapse supernova environment. The effects to the r-process of increasing

the neutron capture cross section of 130Sn include not only a relative decrease in the

abundance of 130Sn and an increase in the abundance of 131Sn, but also a shift in the

distribution of material in the rare earth and third peak regions towards nuclei lighter

in A . Reducing the uncertainties in this critical cross section, perhaps through exper-

imental exploration at a rare isotope facility, will further enable a detailed comparison

between r-process models and both the solar system and halo star data, improving

the understanding of the nature of the r-process environment.

4.1 Background

The goal of a number of recent r-process studies is to examine the various can-

didate r-process locations, prospecting for suitable conditions for the r-process. The

merit of a location is evaluated by how well the calculated r-process abundances

reproduce the abundance features found in the available solar and halo star data.

Difficulties in comparison arise as models of the r-process lack the relevant nuclear
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data for many of the large number of participating nuclei (& 3000), as few r-process

nuclei have been examined experimentally, see e.g. Pearson et al. 2006 [52].

In the r-process, both neutron capture and photo-disintegration are initially much

faster than the competing β-decay, hence (n, γ)
 (γ, n) equilibrium obtains, and the

relative abundances of adjacent nuclei are described by detailed balance [10],

Y (Z,A+ 1)

Y (Z,A)
=

nn〈vσn,γ(Z,A)〉
λγ,n(Z,A+ 1)

= nn

(
2π~2

mukT

)3/2(
A+ 1

A

)3/2

×
G(Z,A+ 1)

2G(Z,A)
exp

[
Sn(Z,A+ 1)

kT

]
(4.1)

Here ~ is the Planck constant, k is the Boltzmann constant, mu is the atomic mass

unit, nn is the neutron number density, 〈vσn,γ(Z,A)〉 is the product of the capture

cross section and the neutron velocity averaged over a thermal distribution of temper-

ature T , λγ,n(Z,A) is the rate of photo-disintegration, G(Z,A) is the nuclear partition

function, and Sn(Z,A) is the neutron separation energy. For a given isotopic chain

in which the Sn’s decrease monotonically versus increasing atomic weight, A, the

neutron separation energy of the most abundant nuclide in the chain is,

Sn ≈ kT ln

[
2

nn

(
mukT

2π~2

)3/2
]

(4.2)

Once Sn is known, the individual abundances of the nuclei along an isotopic chain can

be determined. If the r-process is taken to operate entirely under the approximation of

(n, γ)
 (γ, n) equilibrium, then, besides the Sn’s, only the rates of β-decay between

isotopic chains are necessary to determine the final r-process abundance pattern.

(n, γ)
 (γ, n) equilibrium no longer obtains at late times in the r-process when

the neutron-to-seed ratio of the r-process falls below one, R . 1. Individual neu-

tron capture and photo-disintegration reactions are now important in determining

the final r-process abundance pattern. Calculations of the r-process employ primar-

ily phenomenological models of neutron capture cross sections that use theoretical

nuclear mass models as inputs. The neutron capture cross section of a single nucleus

can vary by several orders of magnitude between individual theoretical models. The
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variation in the neutron capture cross sections across the chart of the nuclei is demon-

strated in Fig. 4.1 for three sets of theoretical neutron capture cross sections based

on the SMOKER model [10], the FRDM model [76], and the ETFSI model [123].

Figure 4.1: We show the ratio (logarithmic) of the largest neutron capture cross
section with respect to the smallest neutron capture cross section over the chart of
the nuclei between the three sets of theoretical neutron capture cross sections listed in
the text. The neutron capture cross sections can vary by many orders of magnitude
(ratios of over 1010 for the darkest squares) between the theoretical models.

It was noted previously, e.g. Surman and Engel 2001 [124], that individual

neutron capture cross sections in the region of A ∼ 195 can influence the r-process

in this same region at late times. We explore how an increase to the neutron capture

cross section of 130Sn by a factor of 100 yields global changes to the abundance

pattern of the r-process compared to an r-process calculation under the original,

unaltered neutron capture cross sections. The Holifield Radioactive Ion Beam Facility
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(HRIBF) at Oak Ridge National Laboratory (ORNL) is capable of acquiring the

relevant nuclear data necessary to generate precision neutron capture cross sections

for neutron-rich nuclei near the N = 82 closed shell and experiments are in progress

to collect this data for 130Sn for the first time [125].

4.2 Model of r-process Nucleosynthesis

To examine the effects of individual neutron capture cross sections at late times

in the r-process, we track the chemical evolution of a mass element in the neutrino-

driven wind environment, post-ejection, from the protoneutron star’s surface. We

choose conditions in the neutrino driven wind that to lead to the production of r-

process elements through the third r-process peak. We employ a 1D thermodynamic

model of the neutrino driven wind with wind parameters of τ = 0.3 s, S/k = 100,

and an electron fraction at the start of the charged particle epoch of Ye = 0.26 at

T9 = 10. In this initial study, as the changes to the r-process pattern occur late in the

nucleosynthesis epoch, we do not include neutrino interactions. This study employs

an updated set of theoretical β-decay lifetimes found in Möller et al. 2003 [126], and

additional details of the nuclear data and of our computational model of the r-process

have been discussed previously in Chapters 1 and 2.

4.3 130Sn as a Secondary Waiting Point

The r-process path is well described by the (n, γ) � (γ, n) equilibrium approx-

imation while neutron rich conditions persist in the r-process, and the location of

the path is set, in part, by the local thermodynamic conditions, including ρ and T9.

Material advancing along the r-process path accumulates at nuclei with long β-decay

lifetimes that are known as waiting points. In addition to these classical waiting

points, we suggest that a set of minor, or secondary waiting points may also occur in

the r-process. Secondary waiting point nuclei can play a critical role in shaping the

outcome of the r-process. We classify a nucleus as a secondary waiting point when

the following two conditions are met: a large amount of r-process material flows to
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the nucleus before the supply of free neutrons is exhausted, and the rate of β-decay

of the nucleus is slow compared to the timescale of the r-process.

A secondary waiting point of consequence to the r-process, 130Sn, emerges prior

to freeze-out, while the free neutron abundance is rapidly falling but neutron capture

continues to be a relevant reaction in the r-process. 130Sn functions as a secondary

waiting point in the r-process due to the location of the r-process path at late times.

The r-process path near 130Sn includes three highly populated nuclei, 130Cd, 130In,

and 132Sn, at the time 130Sn becomes populated, t ≈ 3.5 s. 130Cd and 130In have

β-decay lifetimes much shorter than 132Sn and depopulate at a faster rate. These

three nuclei are shown in Fig. 4.2.

130Cd
τβ = 0.72 s

130In
τβ = 0.28 s

132Sn
τβ = 34.4 s

130Cd
τβ = 0.72 s

131In
τβ = 0.20 s

132Sn
τβ = 34.4 s

Figure 4.2: In the right hand frame, we show an example of the most populated nuclei
near 130Sn at the time it becomes populated in an r-process in the neutrino-driven
wind, t ≈ 3.5 s. These r-process nuclei include 130Cd, 130In, and 132Sn. In the left
hand frame, the classical waiting point nuclei along N = 82 are shown. We employ
the following wind parameters for the neutrino-driven wind: an expansion timescale
of τ = 0.3 s and an entropy per baryon of S/k = 100.

A large amount of material flows along the A = 130 β-decay reaction channel from

130Cd and 130In as both nuclei have a large abundance and short β-decay lifetimes.

The β-decay of 130In feeds into 130Sn at this critical time in the r-process, and 130Sn
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becomes heavily populated as a result. The β-decay pathways that feed into 130Sn

are shown in Fig. 4.3.

130Cd
τβ = 0.72 s

130In
τβ = 0.28 s

130Sn
τβ = 162 s

132Sn
τβ = 34.4 s

Figure 4.3: The flow of material along the β-decay reaction channel of the A = 130
path nuclei is shown above. The arrows indicate the direction of β-decay. 130Sn is
heavily populated by material that arrives from the β-decay pathway of 130Cd and
130In. The figure is shown for the same conditions as Fig. 4.2.

The fraction of material that the now highly populated 130Sn directs along the

Z = 50 nuclei by neutron capture is sensitive to the neutron capture cross section

of 130Sn. The long β-decay lifetime of 130Sn, τβ = 162 s, leads to relatively small

amounts of material flowing from 130Sn by β-decay. The r-process is sensitive to the

neutron capture cross section of 130Sn since this nucleus has such a large abundance

at this critical time in the r-process, and the large outflow of 130Sn is predominantly

directed along its neutron capture channel. We demonstrate the flow of material into

130Sn by β-decay along with its primary outflow channel of neutron capture in Fig.

4.4.
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130Cd
τβ = 0.72 s

130In
τβ = 0.28 s

130Sn
τβ = 162 s

131Sn
τβ = 53.1 s

132Sn
τβ = 34.4 s

Figure 4.4: The flow of material near 130Sn is shown above. The arrows that point
towards the right indicate the direction of the neutron capture reaction channel,
and the arrows that point along the diagonal indicate the direction of β-decay. A
large amount of material arrives at 130Sn from the β-decay of the A = 130 nuclei.
Depending on the neutron capture cross section of 130Sn, some fraction of this material
is re-directed along the Z = 50 neutron capture reaction channel. The conditions here
are the same as Fig. 4.2.

4.4 Impact of 130Sn (n, γ) on the r-process

We examine how the uncertainties in the neutron capture cross section of a single

nucleus, 130Sn, impact the evolution of the r-process in the neutrino-driven wind.

Our procedure is as follows: we calculate an r-process in the neutrino-driven wind

as described in Sec. 4.2. This calculation is our baseline calculation. To explore

the uncertainties in the neutron capture cross section of 130Sn, we then introduce a

scaling factor, χ, into our calculation, which modifies the 130Sn neutron capture cross

section,

〈vσn,γ(130Sn)〉′ = χ〈vσn,γ(130Sn)〉 (4.3)

Above, 〈vσn,γ(130Sn)〉 is the original, thermally averaged, neutron capture cross sec-

tion of 130Sn, 〈vσn,γ(130Sn)〉′ is the modified neutron capture cross section of 130Sn,

and χ is a scalar multiplication factor. Changes to the neutron capture cross section
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of 130Sn induce a reciprocal change in the photo-dissociation rate, λγ, of 131Sn,

λ′γ(
131Sn) = χλγ(

131Sn) (4.4)

Above, λγ(
131Sn) is the original photo-dissociation rate of 131Sn and λ′γ(

131Sn) is the

modified photo-dissociation rate of 131Sn. In this study we examine a specific case

where the neutron capture cross section of 130Sn is multiplied by a factor of 100, and

the photo-dissociation rate of 131Sn is also increased by a factor of 100 (χ = 100).

We find that increasing the neutron capture cross section of 130Sn by a factor of 100

not only influences the abundance of r-process nuclei near 130Sn but also introduces

global changes to the abundance of nuclei throughout the r-process pattern. Changes

to the abundance near 130Sn include a decrease in the abundance of the A = 130 nuclei

by ∼ 90% and an increase in the abundance of the A = 131 nuclei by ∼ 190%. Global

effects to the abundance pattern include changes to the abundance of individual

nuclear species by as much as ∼ 35%. The impact an increase in the neutron capture

cross section of 130Sn has on the r-process abundance pattern is shown in Fig. 4.5.

The rate of change in abundance due solely to neutron capture for an individual

nucleus, Ẏ (Z,A), and the next heavier isotope in Z, Ẏ (Z,A+ 1), is a product of the

neutron capture cross section, 〈vσn,γ(Z,A)〉, the abundance of the nucleus, Y (Z,A),

and the neutron number density, nn,

Ẏ (Z,A+ 1) = −Ẏ (Z,A) = nn〈vσn,γ(Z,A)〉Y (Z,A) (4.5)

An increase in the neutron capture cross section will result in a faster depletion of

the nucleus (Z,A) by neutron capture. Additionally, a corresponding increase occurs

in the production of the next heavier isotope in Z, (Z,A + 1). The impact to the

abundance of the r-process near 130Sn due to an increase of the 130Sn neutron capture

cross section is to hasten both the depletion of 130Sn and the production of 131Sn.

This is demonstrated in Fig. 4.6.

Another important consequence that results from the increased production of

131Sn by neutron capture on 130Sn is that the neutrons consumed in the production

of 131Sn by neutron capture on 130Sn are no longer available for capture by other
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Figure 4.5: The percent change in abundance across the r-process is shown for an
r-process calculation under an increase in the neutron capture cross section of 130Sn
by a factor of 100 with respect to the baseline calculation. For an r-process with
the increased neutron capture cross section, the abundance of the A = 130 nuclei
decreases by ∼ 90% while the abundance of the A = 131 nuclei increases by ∼ 190%
with respect to the baseline calculation. The size of the effects on the abundance
pattern above the A = 130 region range from 0 to ∼ 35%.

r-process nuclei. This influence can be quantified by the net rate of neutron capture,

η̇(Z,A) = nn〈vσn,γ(Z,A)〉Y (Z,A)− λγ(Z,A+ 1)Y (Z,A+ 1) (4.6)

The net rate of neutron capture is the instantaneous rate of neutrons that are captured

or released in (n, γ) reactions between the nuclei (Z,A) and (Z,A+ 1). The increase

in the net rate of neutron capture that occurs in the second peak region is balanced

by an equivalent decrease in the net rate of neutron capture in the rare earth and

third peak regions. To demonstrate this, we sum the net rate of neutron capture over

each of the r-process peak regions,
∑
η̇. Our comparison of

∑
η̇ for each peak region

is shown in Fig. 4.7. Our choice of individual r-process peak regions is as follows: the

A = 130 peak is taken to include nuclei with A < 145, the rare earth peak includes

nuclei between 145 ≤ A < 175, and the A = 195 peak includes nuclei with A ≥ 175.
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Figure 4.6: The absolute difference in the abundance of 130Sn (solid line) is shown
above for an r-process simulation with the neutron capture cross section of 130Sn
increased by a factor of 100, YRate, and the baseline r-process calculation with the
unaltered set of neutron capture rates, YBaseline. An increase in the neutron capture
cross section of 130Sn leads to the capture of additional neutrons by 130Sn, depleting
the abundance of 130Sn and enhancing the abundance of 131Sn. The absolute difference
in the abundance of 131Sn (dashed line) is also shown.

The specific choice of the range of nuclei used to delineate the peak regions does not

influence the result.

An important consequence of the reduced availability of neutrons due to an in-

crease in the neutron capture rate of 130Sn is that the distribution of material within

the rare earth and third peak regions is shifted towards lighter nuclei in A compared

to the abundance pattern of the baseline r-process calculation. From Eq. 4.5, a

decrease in the neutron number density, nn, locally results in less material from a

nucleus (Z,A) advancing to the next nucleus along the isotopic chain, (Z,A+ 1), by

neutron capture. Therefore the effect of the increased neutron capture cross section

of 130Sn is not only to increase the neutron capture reaction channel between 130Sn

and 131Sn, but also to decrease the overall rate of neutron capture on the rest of
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Figure 4.7: We show the relative rate of net neutron capture, η̇, summed over each
of the three peak regions of the r-process (Eq. 4.6). Above, the relative difference in∑
η̇ is shown between an r-process with the neutron capture cross section of 130Sn

increased by a factor of 100,
∑
η̇

Rate
, and the baseline calculation,

∑
η̇

Original
. The

cross section increase yields an increase in the amount of neutron capture that occurs
in the A ∼ 130 peak and reduces the amount of neutron capture for nuclei in the rare
earth and A ∼ 195 peak regions.

the r-process nuclei. This lowering in the overall rate of neutron capture influences

the distribution of material within the rare earth and third peak regions by shifting

material within these regions towards lighter nuclei in A. For our r-process calcu-

lation under the increased neutron capture cross section, less material reaches the

right hand side of the third r-process peak, in nuclei with A ≥ 199, compared with

the abundance pattern of the baseline calculation. This leads to an increase in the

abundance of the nuclei on the left hand side of the third r-process peak in the nuclei

between 195 ≤ A ≤ 198. We find a similar effect occurs in the rare earth region of

the r-process, less material populates the heavier, right hand side of the rare earth

region, leading to an increase in the abundance of lighter nuclei within the rare earth
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region. The impact of the shifting of material in the r-process under an increased

neutron capture cross section of 130Sn is shown for the third r-process peak region in

Fig. 4.8.

10−5

10−4

Y

194 196 198 200
A

Original

Rate × 100

Figure 4.8: The abundance pattern of the third r-process peak is shown above for
two r-process calculations, an r-process simulation with the neutron capture cross
section of 130Sn increased by a factor of 100 (dashed line), and the baseline r-process
calculation with the unaltered set of neutron capture cross sections (solid line). In-
creasing the neutron capture cross section of 130Sn alters the distribution of material
in the rare earth and third peak regions by shifting the abundance towards lighter
nuclei in A.

4.5 Conclusions

We have shown, for the case of 130Sn, that an individual neutron capture cross

section can be important in shaping the outcome of the r-process. For an increase

in the neutron capture cross section of 130Sn by a factor of 100, we find changes

to the abundance of nuclei throughout the r-process: changes to the abundance of

nuclei near 130Sn are as much as ∼ 190%, and changes to the abundance of nuclei
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near the third peak region are as much as ∼ 35%. We find that a consequence of

increasing the neutron capture cross section of 130Sn is to influence where neutrons

are captured during the r-process, and this leads to a shifting of material towards

lighter nuclei in A in the rare earth and third peak. As our understanding of how the

r-process emerges in nature is dependent on models that can accurately reproduce

the observed abundance patterns of the r-process, it is important to both identify

which nuclei contain these critical neutron capture cross sections that can impact the

r-process as well as to conduct the necessary nuclear experiments so that precision

neutron capture cross sections for these nuclei may be obtained. Future studies are

needed to explore these critical cross sections over a range of astrophysical conditions.
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