How to make gold
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(stable) Elements in nature
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Creation of new elements is energy source of stars (and the sun)



The sun shines 3.85e33 erg/s = 3.85e26 Watts for at least ~4.5 bio years

The entire sun made of coal would last ~ 4000 years



On the way to making gold: Burning stages of a 25 solar mass star

initially present: mostly hydrogen (~70% - from big bang)

Hydrogen burning 7Mio yrs Hydrogen (1p,0n)  Helium (2p, 2n)

Helium burning 700,000 yrs  Helium (2p,2n) Carbon (6p, 6n), Oxygen (8p,8n)
Carbon(+Ne) burning 400 yrs Carbon (6p,6n) Oxygen (8p,8n)

Oxygen burning 8 months Oxygen (8p,8n) Silicon (14p,14n)

Silicon burning 1 day Silicon (14p,14n) Iron (26p,30n)

DEMO: Energy generation by nuclear reactions



Average inding energy per nuclean {MeV)

yald .Il;:..'el,]E. Il'.r | | |

Mo H1 Py |

For stable nuclei ! )

H I | | | i | ] | | | |

0 20 40 fls B0 104 120 140 160 180 200 220 240
Number of nucleans (A nucleus, A




Precollapse structure of massive star
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Iron core collapses and triggers supernova explosion



(VLT KUEYEN + FORS2)

The Crab Nebula in Taurus

ESO PR Photo 40f99 { 17 November 1995 ) @ European Southern Observatory



Is the universe made of iron ?

Nuclei in the Universe:
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... not yet

lron: Gold:

26 protons + 30 neutrons 79 protons + 118 neutrons

Mass number = 56 Mass number = 197
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So how is gold made ?
Some earlier failed attempts (1590)

e ==ren,

... by a nuclear reaction

for example:
198Hg + %Be -> 197Au+p + ....

Makes gold from mercury



Iron from a previous generation of stars is exposed to a flux of neutrons

How does this create heavy elements ?
—> Neutron Capture Processes
There are 2:

- s-process (slow neutron capture)
- r-process (rapid neutron capture)

Do neutron capture process exercise



Where does the s-process happen ?
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Size of Jupiter’s Orbit : _ .
Atmosphere of Betelgeuse HST - FOC

PRC96-04 - ST Scl OPO - January 15, 1995 - A. Dupree (CfA), NASA

In red giants — and it takes several million years !
(or, more correctly, low mass TP-AGB stars)



How can we tell ?

Analyze light from a red giant:

STARS SHOWING RESULTS OF s—-PROCESS
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Star contains Technetium (Tc) !!!
(heavy element Z=43, T,,, 4 Mio years, Merrill 1952)



- yecial: New Learning Series on Genetics, page "'{}_

Gomplexity—the Science of Surprise | | Your, Inner Savant._
A What about the r-process
(and gold) ???

Gravity?
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SICS How were the elements from
Iron to uranium made ?
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Matter evaporated off the hot neutron star

Neutron
star forms
(size ~ 10 km radius)

r-process site ?




How does the r-process work ? Neutron capture !




Nucleosynthesis in the r-process

JINA

Joint Institute for Nuclear Astrophysics 2002

Maovie ' H. Schatz, National Superconducting Cyclotron Laboratory

Galculation : K. Vaughan, J L. Galache,
and A. Aprahamian, University of Notre Dame
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and R. Surman, Morth Carolina State
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Temperature: 1.50 GK
Time: 2.7e-14 s
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% The Joint Institute for Nuclear Astrophysics
I.f

NSCL and future facilities reach
JINA

Known half-life

NSCL reach E EEEEEE
L

Reach of future facility
(here: NSCL upgrade
under discussion)

Bright future for experiments and observations
- Experimental test of r-process models

IS within reach
- Vision: r-process as precision probe




