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Formation of Heavy Elements Through R-Process

Darcy Maestrales

Abstract:

Background: Scientists have long been trying to figure out how heavier elements are
made. It is believed the natural abundances of heavier elements can be explained
through neutron star mergers. Due to the intense heat and abundance of neutrons, it is
predicted that this is the most likely source to account for the earth abundance of certain
elements. Purpose: To determine how the heaviest nuclei are naturally formed along
the neutron drip line. Methods: Much of the research on neutron star mergers is
hypothetical, but observing stellar events, and data taken from particle accelerators
comprise major contributions to the available body of information. Results: Available
data suggests the heavier elements would be created in similar proportions to those
modeled through the rest of the universe. Conclusions: Data supports the
hypothesis that these elements are created by r-process in the neutron star merger. More
powerful accelerators are being built to study these processes, and the body of existing
data should increase drastically with each advance in accelerator technology.

L. Introduction: burning hydrogen through fusion. The

R-process is the process by which
half the heavier nuclei, such as gold and
platinum, are believed to be made. This
can only occur where intense heat and a
large number of nuclei are present. With
temperatures in the billions of degrees, it
is impossible to study the actual
conditions up close as r-process is
occurring. Because these criteria are not
going to be met naturally on earth,
scientists look to the stars to account for
the abundances of heavy elements in the
universe. Scientists hypothesize the
most likely sources of r-process
nucleosynthesis is to be found in
supernovae core collapse and neutron
star mergers.

Il. Star Formation:
Core-collapse supernovae, the most
common supernovae found in nature, are
responsible for creating both black holes
and neutron stars (Woolsey). As Artemis
Spyrou presented in her lecture,
supernovae begin as big, cooler stars

star uses the hydrogen as fuel until it runs
out, then it moves on to the next. “Each
time one fuel runs out, the star contracts,
heats up, and then burns the next one,
usually the
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Figure 1: Star Evolution Artemis Spyrou's Lecture April
20,2018.

ashes of the previous stage”
(Woosley). This process continues
creating a progressively denser mass
with each contraction and burning a little
hotter to utilize the next available,
somewhat heavier fuel source. Once the



hydrogen is exhausted due to fusion, the
core collapses, and the star begins to
exhaust the supply of the helium created
through the fusion of hydrogen. Once the
helium has been exhausted, the star
burns lithium, and so on.

1. SuperNovae:

The more massive stars will be able
to continue this process of consuming the
products of the last fusion fuel until they
develop an extremely hot and dense core
of iron. The nuclear binding energy of the
elements increases up to iron 56 which is
the most tightly bound nucleus. The
coulombic force prevents anything
heavier than this from being created by
fusion at the temperature of an ordinary
star (Cowan). After iron -56, heavier
elements are created throught the
process of fission and the fission
products are endothermic.
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Figure 2: Binding energy per nucleon increases up to iron 56.
Here, fusion stops and heavier nuclei are created through
neutron capture (Riquelme).

The star becomes so dense it is
unable to support its own gravity and the
rapid collapse of the core causes shock
waves resulting in an intense explosion
known as a supernova (Physics, Spyrou,
Woosley). The supernova is hotter and
more intense than the initial conditions of
the star and forms the heavier elements.
The supernova is hotter and more
intense than the initial conditions of the
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star and forms the heavier elements. The
resulting explosion sends out a mix of
isotopes of the elements created in the
supernova. Stable only in the conditions
of the supernova these isotopes decay
rapidly into the stable elements we see
distributed across the galaxy.

V. Neutron Stars:

What's left of the star after this
supernova explosion becomes a neutron
star. The remaining matter is very
neutron rich and the resulting body is
extremely dense. According to Nasa.gov,
“‘Neutron stars cram roughly 1.3 to 2.5
solar masses into a city-sized sphere
perhaps 20 kilometers (12 miles) across”
(Naeye). Being so dense, they have a
strong gravitational pull.

When remnants of two such stellar
bodies come close together, this strong
gravitational pull causes them draw
closer and closer together over time. As
they draw closer, they orbit each other,
forming a binary system which gradually
draw in closer and closer until the stars
merge (Mclaughlin).

When the stars come together,

they
‘release
energy

in
Figure 3: Neutron star merger from .
binary system (left) to a singular various
mass realising energy in forms

gravitational Wayes, matter, and inc|uding
light. (McLaughlin) gravitational
waves,

matter, and light” (McLaughlin).

In August of 2017, astrophysicists
detected gravitational waves at multiple
facilities across the world. This detection
allowed scientists to observe a neutron
star merger for the first time.

V. R-Process



R-process is a form of neutron
capture. It describes rapid neutron
capture. Because the r-process requires
extremely high temperatures in a neutron
rich environment, it has long been
hypothesized that the source must be
somewhere in the heavens. The extreme
temperatures required for neutron
capture is unobtainable on earth and this
implies the matter must come from
somewhere else. The recent neutron star
merger finally allowed for observable
data to be collected.

The matter ejected by the creation
of a neutron star from a supernova and
the matter ejected by the merger of two
such stars include the heavier elements
created by the r-process.

Nuclei created by r-process tend
to follow a path that stays relatively near
to the neutron drip line. The nuclei that
are created are highly unstable outside
the environment
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Figure 4:The nuclei created by the r-
process follow a path along the neutron
drip line (Burcher).

of the neutron star. The nucleus rapidly
captures the excess neutrons in the
extreme temperatures. When the matter
leaves this environment, it cools rapidly
and undergoes beta decay. The excess
neutrons decay into protons or the nuclei
are so unstable that the energy to
remove a neutron is much less than or
equal to zero, so it is lost. “After beta
decay new nucleus will have new neutron
drip line and in most cases able to
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capture more neutrons” (Burcher). This
creates the next element up the table,
capable of a different range of isotopes.

Observing the recent neutron star
merger, physicists attempted to discern
whether this merger was responsible for
the creation of the heavier elements.
They chose to look at the natural
abundance of europium in the milky-way
and compatre it to the ejected yield of the
event. The data they collected was
representative of the assumption that
neutron star mergers were responsible
for the proportions of the elements found
in the universe (C6té).

VI. Conclusions
Scientists have been seeking to
explain the existence of the heaviest
elements in the proportions in which they
occur in our Milky Way. Based upon the
expected
abundances
of the
elements, it
has long
been
thought that
supernovae
are not
alone in the
production
of these elements. Which causes
particular interest in neutron star
mergers.
Because these events are so rare, it is
hard to say whether the data collected
can be considered to represent typical
behavior of a neutron star merger.
However, it does seem highly likely that
this sort of stellar interaction is the
predominant source of r-process nuclei.
Based on recent observations and
comparisons to the expected values, the
matter ejected from the explosion fit the



expected values for it's abundance in the
material.

But recent evidence and previous
observation suggest that neutron star
mergers are the dominant source of
heavy nuclei ejecta.  Coupled with
supernova formation, these processes
form the vast majority of the heavy
elements across the universe.
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As more advanced research
facilities, such as the FRIB, are being
developed, scientists soon will be better
able to replicate the conditions they wish
to study and more accurate data will be
revealed.

Citations:

Burcher, Sean (No Date Available). r-Process: Nucleosynthesis of the Heavy
Elements. Retrieved April 14, 2018 from:
https://www.physics.ohio-state.edu/~ntg/6805/slides/rprocess.pdf

Céteé, B., Fryer, C. L., Belczynski, K., Korobkin, O., Chruslinska, M., Vassh, N., ...
& Wollaeger, R. (2018). The Origin of r-process Elements in the Milky Way. The
Astrophysical Journal, 855(2), 99

Cowan, J. J., & Thielemann, F. K. (2004). R-process nucleosynthesis in
supernovae. Physics Today, 57(10), 47-54.

Martin, D., Arcones, A., Nazarewicz, W., & Olsen, E. (2016). Impact of nuclear
mass uncertainties on the r process. Physical review letters, 116(12), 121101.
Naeye, Robert. (August 23, 2007). Neutron Stars. Retrieved April 29, 2018 from:
https://www.nasa.gov/mission_pages/GLAST/science/neutron_stars.html

Ott, C. D., Roberts, L. F., da Silva Schneider, A., Fedrow, J. M., Haas, R., &
Schnetter, E. (2018). The Progenitor Dependence of Core-collapse Supernovae
from Three-dimensional Simulations with Progenitor Models of 12—-40 M(Q®. The
Astrophysical Journal Letters, 855(1), L3.

Perkins, Sid (2018 March, 20). Neutron Star Mergers May Create Much of the
Universe’s Gold. Retrieved April, 14, 2018 from:
http://www.sciencemag.org/news/2018/03/neutron-star-mergers-may-create-
much-universe-s-gold

PhysicsoftheUniverse.com. (No Date Available). Stars, Supernovas, and Neutron
Stars. Retrieved April 29, 2018 from:
https://www.physicsoftheuniverse.com/topics_blackholes_stars.html

Riguelme, Mario A. (Fall 2009). R-Process Nucleosynthesis and Its Site.
Retrieved April 26, 2018 from:
https://www.astro.princeton.edu/~burrows/classes/541/r-process.pdf

Spyrou, Artemis (2018, April 3). Isotopes in the Cosmos. Retrieved April 14, 2018
from https://www.artemisspyrou.com/single-post/2018/04/03/Isotopes-in-the-
COSMos

Spyrou, Artemis (April 20, 2018). Nuclear Astrophysics (Slide Show from
Lecture). Retrieved April 20, 2018 from:
https://people.nscl.msu.edu/~witek/Classes/PHY802/Nuclear_Astrophysics _Spyr

ou2.pdf



https://www.physics.ohio-state.edu/~ntg/6805/slides/rprocess.pdf
http://www.sciencemag.org/news/2018/03/neutron-star-mergers-may-create-much-universe-s-gold
http://www.sciencemag.org/news/2018/03/neutron-star-mergers-may-create-much-universe-s-gold
https://www.artemisspyrou.com/single-post/2018/04/03/Isotopes-in-the-cosmos
https://www.artemisspyrou.com/single-post/2018/04/03/Isotopes-in-the-cosmos
https://people.nscl.msu.edu/~witek/Classes/PHY802/Nuclear_Astrophysics_Spyrou2.pdf
https://people.nscl.msu.edu/~witek/Classes/PHY802/Nuclear_Astrophysics_Spyrou2.pdf

Maestrales 5

e« Woosley, S., & Janka, T. (2005). The physics of core-collapse supernovae.
Nature Physics, 1(3), 147.



