Cosmic Fission:
the Synthesis of the Heavy
Elements and the role of Fission
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Physics

How were the heavy elements from iron to uranium made?

Image: https://www.flickr.com/photos/arnoldb/8537251229



elements are
produced in stars by fusion

a guided tour of the chart of nuclides,
by and neutron capture

what happens when nuclei become
too heavy? they




THE LIGHT ELEMENTS




The periodic table of elements gives us an

overview of all known elements

hydrogen and helium (nuclei) were
created just after big bang (3 min)

Periodic Table of the Elements

Lithium
6.941

Sodium
22.990

89-103:

Francium
223020

Lanthanide
Series

Actinide
Series

uranium and thorium are the heaviest
elements found in nature

Atomic
Number

Symbol

Name

Americium
24!

Ununtrium
unknown

Einsteinium
[254]

elements with a number higher
that 92 are man-made



The light elements are made in stars by fusion processes

the sun “burns” by fusing light
nuclei, starting with hydrogen

fusion in stars will take us all
the way up to iron

image: NASA



more precisely, we’ll get to *°Fe,
where more fusion will “cost” energy
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Binding energy per nucleon (MeV)

‘ Figure 1 ‘

Niobium
92.906

Barium
137.328

Radium Dubnium
226.025 [261] [262]

Lanthanide
Series
Cerium
140.116
Actinide
Series

160 180 200 220

Mass number (A)

Periodic Table of the Elements

Atomic
Number

Symbol O

Carbon Oxygen Fluorine
12.011 007 18.998

17
Cl

Chiorine
35.453

5
Nickel Bromine
58693 72631 789 79.904
48 f 2 53
Cadmium lodine
2 818 276 126.904

3

85
At

Rhenium G Thallium Polonium Astatine
186.20 0.23 192217 04.383 208.980 [208.982] 209.987

117
Uus

Hassium Ununtrium Ununpentium um | Ununseptium
[269] [268] [269] 272) 271 unknown [289) unknown 298] unknown

Terbium | Dy m Etbium Ytterbium Lutetium
158.925 0 167.259 173.055 174.967

Iron has atomic number 26, but we know
elements exist all the way up to 92 (118)

Elements heavier than iron can not be
produced by fusion processes...



beta decay chart of nuclides

First I'll explain how beta
decay transforms nuclei

Then we’ll see how nuclear information is
organized in the chart of nuclides

And finally we can look at the processes
by which heavy elements are produced




decay

can be transformed into a
in the beta minus decay process

un-stable

®

beta

can make a (stable)
nucleus unstable to beta decay



The chart of nuclides plots all known nuclei as a function of

neutron number, N, and proton number, Z

A

Periodic Table of the Elem

Z, number of protons

Bismuth, no. 83, is the last
element with a stable isotope -

] _..-: ’\
Uranium, no. 92, is the heaviest
element found on Earth
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neutron-rich nuclei mainly
decay by beta minus

(- Ly ]

N, number of neutrons
>




valley of stability

At the dripline, nucleons

are no [DHEEHECITS The valley of stability

nuclel with excess  the neutron side of

nucleons move the valley is poorly

down the valley understood - scientisis

towards stability aren t sure where the =~ -
dripline lies ;

We have reached, and measured the proton
UM dripline, but not the neutron dripline

stable elemenis

http://cerncourier.com/cws/article/cern/28587/1/cernrial_3-02



N, humber of neutrons
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SLOW NEUTRON CAPTURE PROCESS
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s-process is “easy”: seeds are stable, need capture cross-sections we

can easily measure, and a neutron density we can imagine




roughly 50% of the heavy elements are
believed to be produced by the s-process

the s-process is dependent
on stable nuclei as seed
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Fusion (in large stars) gets us to iron (no. 26), ...-.-....
and s-process takes us to bismuth (no. 83) ..--.-.....

But heavier elements are found in nature!




N, humber of neutrons
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RAPID NEUTRON CAPTURE PROCESS



The r-process is the based on the idea that neutron density is

high, and neutron captures are faster than beta decay

64se 655 e6se 673 |6ase || evse [osel 7:s- (S .H
Z

63A: 6H4A: 65As 66A: 6TAs  68A: 69A: | JOAs DTLASH T2As DUSASY NGRS BN LT VE 6 AS
high neutron flux will end in capture of

M many neutrons, and exotic nuclei e T3k B T

61Ga 62Ga 63Ga 64CGa 65CGa | 66CGa PETCa | 68Ca 70Ga BIlstW 72CGa | 73CGa  74Ga 7T5Ca T6Ga  T7GCa

the main Ingredlents Of the r-process are ‘W 59Zn Ee{yfW T1Zn | J2Za T3Zn  T4Zn  T75Zn  T6Zn
cross-sections, lifetimes, and neutron fluxes

f6Cu | BfCH 68Cu  A%Cu  TOCu TICu T2Cu T3Cu  T4Cq 75Cu
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26

6lCa 6H2Co H3Co H4Co  HBSCo HHCo HTCo H8Co H9Co TOCc TMWCo T2Lo T3Co




The r-process moves far from stability, at the extreme
neutron-rich side of the nuclear chart

A r-process is the only way to reach °
thorium (90) and uranium (92)

Z, number of protons

. Z=82
at magic neutron numbers, neutron

capture is (more) unlikely Ll

SHIBAGAKI ET AL.
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what goes into the animation are
cross-sections, lifetimes, and fluxes
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the elemental abundance a simulation gives
must be compared to the experimental one

[Fabio:] available online on

S. Wanajo et al Université de Tokyo



http://www.ph.sophia.ac.jp/%7Eshinya/research/research.html
http://www.ph.sophia.ac.jp/%7Eshinya/research/research.html
http://www.ph.sophia.ac.jp/%7Eshinya/research/research.html
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Anders & Grevesse 1989

Fusion

Neutron capture fission?
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STABLE

UN-STABLE,

T1 /2 too

STABLE

short to be
seed for —

About half made by s-process,
and half made by r-process

16 21 2 31 % 41 46 51 56 61 €6 76 81 86 o1 26

101 108 111 116 121 N

:ay by beta minus

Some isotopes can’t be reached
neither by s- nor r-process
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HEAVY NUCLEI WILL EVENTUALLY

FISSION
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fission

roughly 50% of the heavy elements are .
believed to be produced by the r-process .- = .

= the r-process has )

and we don’t know where it takes place

Fusion gets us to iron (no. 26), the
s-process takes us to bismuth (no. 83),
and the r-process to uranium (no. 92)
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Fusion gets us to iron (no. 26), the
s-process takes us to bismuth (no. 83),
and the r-process to uranium (no. 92)

https://pls.linl.gov/research-and-development/nuclear-science/project-highlights/livermorium/elements-113-and-115
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the area where fission is the
most probable decay mode
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how far can we go?

eventually there is a competition
between fission and beta decay
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Gorlely et. al, PRL 2013
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When nuclei fission, they will “feed” back into the chart of
nuclides, at A dependent on the size of the fissioning nucleus
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Z, number of protons
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FFD from spontaneous
fission of 2°2Cf
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@ fission fragment distribution (FFD
- fission barrier, A of mother nucl

Z=82

> fission feeds back into the nuclear
chart (“fission recycling”)

&82 —/ —/ —/ —/ —/ —/

the s-process is terminated at 2°°Bi, but we
don’t know exactly where the r-process ends

M, number of neutrons
L




NEUTRONS ARE KEY...



fusion takes us to iron, where energy can not be “won” anymore

s-process is responsible for “~50% of elemental abundance above iron
r-process produces roughly the other half of the heavy nuclei
the heaviest elements found in nature are thorium and uranium

fission terminates the r-process/synthesis of heavy elements
fission fragments feed into the nuclear chart, but how heavy/many
neutrons do the fissioning nuclei have?

the r-process has never been observed...



The r-process must happen in an enwronment W|th

a very high neutron den5|ty ! S e _~ St L e e
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supernovae were thought to be the
prime production site of the r-process

"~ neutron star mergers have a

hieytron star merger “  higher neutron density



Shibagaki et. al, AJL, 2016

SHIBAGAKI ET AL.

Final Abundance
Fission Product (all parents)
Fission Product (Z= 99, N=181) -~

Fission Product (Z=103, N=189) -~

Fission Product (Z=111, N=212)

—i
O|
[#%]

—h.
OI
BN

>
@
Q
o
1]
o
=
S
O
<

—r
ou
o

-l
OI
(2]

i

100 120 140 160 180
Mass Number A




AJL 2011,Goriely, Bauswein, Jankal

“the peak around A=140 originates exclusively from the fission recycling, which
takes place in the A~280-290 region at the time all neutrons have been captured “

R —&— 1.35-1.35M NS
Solar 9o o

el —e— 1.20-1.50M NS
Q. o

at which A the r-process terminates
affects the abundance distributions



Gorieley, PRL 2013

two years later, the same authors are more concerned with the peak at 165
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fission fragment distributions
affects the abundance distributions




Shibagaki et. al, AJL, 2016
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propose a combination of supernova fission recycling as a main contributor
and neutron star mergers to the A~165 abundance peak




In summary, the synthesis of heavy elements involves the s-
and r-process, and it’s terminated by (spontaneous) fission
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the fission barrier and FFD are key

parameters for termination of the r’*prgs 2SS,
sy .
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neutron star mergers as site of the r-proces
may explain the A~165 abundance peak
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