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* These lectures are interactive, please expect to
have to do something

* You can work in groups, talk with the others
* You can ask any question anytime!
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Chemical Elements: The periodic table
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Chemical Elements: The periodic table

Group 1 2 3 45 6 7 8 . . 17 18
Period ‘I\/Iade in the Big Bang
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Earth’s crust abundances

! | ! | ! | ! |

The seeds of technology
elements that make
possible the high-tech
world we live in today
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Human Body Ingredients

The four ingredients below
are essential parts of the body’s

- Other Key
protein, carbohydratg_-ja‘nc! fat

Elements

architgcture..-'___r-..-' o = g Calcium 1.5%

Critical to the conversion
of food into energy.

The so-called backbone

of the building blocks of the
body and a key part of other
important compounds, such as
testosterone and estrogen. =

HYDROGEN

9.5%

Helps transport nutrients,
remove wastes and regulate
body temperature. Also plays
an important role in energy
production.

NITROGEN

3.3%

Found in amino acids, the
building blocks of proteins;

an essential part of the nucieic
acids that constitute DNA.

Lends rigidity and
strength to bones and
teeth; also important
for the functioning

of nerves and muscles,
and for blood clotting.

Phosphorus 1.0%
Needed for building

and maintaining bones
and teeth; also found

in the molecule ATP
(adenosine triphosphate),
which provides

energy that drives
chemical reactions in cells,

Potassium 0.49%
Important for electrical
signaling in nerves and
maintaining the balance
of water in the body.
Sulfur 0.3%

Found in cartilage.
insulin (the hormone
that enables the body to

‘use sugar), breast milk,

proteins that play a role
in the immune system,
and keratin, a substance
in skin, hair and nails.

" Chilorine 0.2%

Needed by nerves

“to function properly:
‘also helps produce

Sastric juices.

= Sodium 0.2%
. Mays a critical role

in nerves” electrical

' “signaling: also helps

regulate the amount
of water in the body.

Magnesium 0.1%
Plays an important role

in the structure of the
skeleton and muscles;
also found in molecules
that help enzymes use
ATP to supply energy for
chemical reactions in celis.

lodine (trace amount)
Part of an essential
hormone produced

by the thyroid gland:
regulates metabolism.

Iron (trace amount)
Part of hemoglobin,
which carries oxygen
in red blood cells.

Zinc (trace amount)
Forms part of some
enzymes involved

in digestion.

(Percentage of body weight. Source: Bi'ology-m
Campbell and Reece, eighth edition.)




To understand the origin of the chemical elements we
need to understand how their atomic nuclei are created.

The Chart of Nuclei represents all the elements and
nuclel in the Universe. Black boxes are stable nuclei.

Pb

“| Fe, Co, Ni |

1 Au, Pt

Eu




The nuclide chart

Number of
protons Z

SB

2P

SBe

P

3L 4Li

5.03 MeV

P P: 100.00%

3He
STAELE
0.000137%

1H
STAELE
99.985%

ZH
STAELE
0.015%

Neutron
10.23 M

0

f-:100.00%

€ 1ULLUU%
10N 11N 12N 13N
1.58 Me¥V  11.000 MS 95565 M
P:100.00%  P:100.00% ¢ 100.00% e 100.00%
8C SC 10C 11C 12C
230 KeV 126.5 MS 15.250 S 20.334 M STAELE
95.89%
P:100.00% & 10000% ¢ 100.00% e 100.00%
o ep: 61.60%
7B 8B SB
1.4 MeV 770 MS 0.54 KeV
o eot: 100.00% 2o 100.00%
P ¢ 100.00%  P:100.00%
SEe 7EBe SBe 10EBe
52 KeV 53.22D 5.57 eV 151E+6 ¥
o: 100.00% & 10000%  o: 100.00% B-: 100.00%
P: 100.00%

SLi 8L SLi
=1.5 MeV 835.5 MS 178.3 MS
P: 100.00% B-e: 100.00% B-: 100.00%
o 100.00% B-:100.00% f-n:50.80%

4He SHe SHe 7He SHe
STAELE 0.60 MeV 806.7 MS 150 KeV 115.1 MS
999993
N: 100.00%  p-: 100.00% N B-: 100.00%
o: 100.00% B-n: 16.00%
3H 4H SH SH 7H
12.32Y 4.6 MeV 5.7 MeV 1.6 MeV 29E-23 Y
B-:100.00% N:100.00% N:100.00%  N: 100.00% Z2N?

14N
STAELE
90.634%

12B
20.20 M3

B-: 100.00%
B3A: 1.58%

11Be
13818

B-: 100.00%
B-ot: 3.1%

10Li

I: 100.00%

SHe

I: 100.00%

-

Number of neutrons N

14C
5700 Y

B-: 100.00%

13B
17.33 M3

B-: 100.00%

12Be
21.49 M3

B-: 100.00%
B-n= 1.00%
1140
8.59 MS
B-: 100.00%
B-net: 0.027%
10He
300 KeV

I: 100.00%

2z

B-:

1

B-:
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What is the number of neutrons of the
stable isotopes of C:

B 16

2. 6and?7

.3.7
.4.12




What is the 12C/13C abundance ratio in
the solar system:

- R
2. ~10
3. ~100

4. ~1000



What is the half-life of 13N:

1. ~1 minute

2. ~10 minutes

3. ~10 hours

4. ~10 days
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“We shall never be able by any

means to study the chemical

composition [of stars] or their
mineralogical structure.”

Auguste Comte

Cours de la Philosophie Positive,
1835



What is the Solar
System made of?




Method 1. Analyse the light from
the Sun: Spectroscopy

Fhotons
L2 f
o H .

3

Each dark line corresponds to an atomic transition of
an atom/ion of a specific chemical element.



Method 2. Analyse the composition of
Extra-terrestrial rocks
that formed when the Sun formed

Meteor, meteoroid, meteorite:
What is the difference?




The Solar System abundances

_Solar spectra + meteorites:

. * No much He, C, N, O etc in meteorites
. (rock forming elements are in there)

5  Itisimpossible or very hard to obtain
7 isotopic abundances from spectra
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The Solar System abundances

~Solar spectra + meteorites:

< 1 ~+ Nomuch He, C, N, O etc in meteorites
o (rock forming elements are there)

S5 * |tisimpossible or very hard to obtain
% i isotopic abundances from spectra

The abundances from solar spectra and meteorites show
the features of nuclear physics!

Can you find these features in the figure?

1. Identify the peaks, which isotopes are they?

2. Why are these isotopes more abundant than others?
Hints: Remember (1) the magic numbers: 2, 8, 20, 28, 50,

82, and 126, and (2) the nuclei with the highest binding
energy per nucleon




Nuclear shell model, closed shells = stability
- magic numbers, apply to both protons and

neutrons |\e can find proton or
19, 8 neutron magic and
double magic nuclei

19 H
on the nuclide chart
195, 10
2p"'1 2
2p ’:<” 1f5"1 6
= 2p.,, 4
1f < =
~ 1, 8
{ ;5—7\'1
- 1d,, 4 —
2s —pl =
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20 )
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The binding energy per nucleon is the average energy
needed to "break off” one nucleon from the nucleus.

55 Br 48| 5

1

I —
| < .

|

I Energy released by fission
|

|

|

]

|

|

*rel

Energy released by fusion

Binding energy per nucleon (MeV)

0 20 40 60 80 100 120 140 160 180 200 220 240

Mass number (A)

Figure 1




The Solar System abundances

~Solar spectra + meteorites:

< 1 ~+ Nomuch He, C, N, O etc in meteorites
o (rock forming elements are there)

S5 * |tisimpossible or very hard to obtain
% i isotopic abundances from spectra

The abundances from solar spectra and meteorites show
the features of nuclear physics!

Can you find these features in the figure?

1. Identify the peaks, which isotopes are they?

2. Why are these isotopes more abundant than others?
Hints: Remember the magic numbers: 2, 8, 20, 28, 50, 82,
and 126, and which are the nuclei with the highest binding
energy per nucleon...




Log (Abundance relative to silicon = 10°)

The nuclear physics of the Solar System abundances
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Log (Abundance relative to silicon = 10°)

The nuclear physics of the Solar System abundances

“  Abundance peaks from | magic numbers:
o magic numbers < 20 1 2,8, 20,28, 50,

A /// | 82, and 126.

10

| Fe peak: highest
ef binding energy

5 Al'c

Abundance peaks from
magic numbers 2 28
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Log (Abundance relative to silicon = 10°)

Solar System abundances: nucleosynthesis
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o} e Burbidge, Burbidge, Fowler & Hoyle

| publish the first
1 classification of

nucleosynthesis

| processes



E. Margaret Burbidge (1919-... E. Margaret Burbidge on Twitter: "I ... Astronomer Margar

William Fowler with Geoffrey and ... Wire Photo Professor Marg... . . s Emilio Segre Visual ...




Log (Abundance relative to silicon = 10°)

Solar System abundances: nucleosynthesis
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Log (Abundance relative to silicon = 10°)

Solar System abundances: nucleosynthesis
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How do we
know these
processes
happen in
stars?



Spectroscopy in the 1950s...

normal star
— peculiar star

, i - N
PrII,Cell SmI PrIl SmI Ball Unid.
4429 4467 4510 4538 4554 4563

normal star &

peculiar star [ [ | - -
Zr0 Ball ZrI TiO SrI ZrO TiO ZrO
4534 4554 4576 4584 4607 4620 4626 4641

normal star

peculiar star

ach line originates from absorption
from a specific atomic transition
1957 in a specific atom/ion

errill 1952,
urbidge et al.



Spectroscopy in the 1950s...

normal star
peculiar star

4429 4467 4510 4538 4554 4563

normal star &

peculiar star [ a | L
Zr0 Ball ZrI TiO SrI ZrO TiO ZrO
4534 4554 4576 4584 4607 4620 4626 4641

normal star

peculiar star

What is special about technetium (Tc)?
Find this element on the nuclide chart!

errill 1952,
urbidge et al.
1957



What is special about technetium (Tc)?
Find this element on the nuclide chart!

55Rh S6Rh S57Rh S5Rh S55Rh 100Rh 101Rh 10ZRh
50ZM S550M 307 M 872M 161D 208 H SR 207D

104FRh 105Rh
4238 35.36 H

e 10000% e 10000% € 10000% e 10000% 10000% e 10000% e 10000% e 78.00%
B-: 22.00%

p-:89.55% B-:100.00%
e:0.45%

54Ru S5Ru S7Ru 103Ru
518 M 1643 H 2791D 39.26D
€ 100.00% e 100.00% e: 100.00% p-: 100.00%
53Tc 54Tc = 96Tc 57Te 958Tc 55Tc 100Tc 101Tc 102Tc 103Tc
275H 293 M 200H 428D 421E+6Y 42E+6Y 2111E+5Y 1546 S 14.22 M 5.28 8 54.2 8
e:100.00%  « 100.00% e 100.00%  « 100.00% e 10000%  B-:10000% p-:100.00% B-:100.00% p-:100.00% B-:100.00% p-:100.00%
e: 1.8E-3%
53Mo S55Mo 100Mo 101Mo 102Mo
40E+3 Y 27489D 73E+18Y 1461 M 113 M
9.63%
e: 100.00% f-:100.00% 2p-:100.00% B-:10000% p-:100.00%
S1Nb S52Nb 54Nb S5Nb S6Nb S57Nb S558Nb S55Nb 100Nb 101NMb
68E+2Y 34YVE+7 Y 203E+4Y 34551D 23.35H 721M 2868 1508 158 713

e 100.00% e 100.00%
B- < 0.05%

S50Zr 51&r 52Zr 53&r 54Zr 55&r 96Zr S7&r S58Zr 55&r 100Zr
STAELE STAELE STAELE KISyl STAELE 64.032D >39E+20Y 16744H 307§ 218§ el
51.45% 11.22% 17.15% 17.38% 2.80%

f-:100.00% 2B- f-:100.00% p-:100.00% B-:100.00% p-:100.00%

f-:100.00% p-:100.00% B-:100.00% p-:100.00% p-:100.00% p-:100.00% p-:100.00% B-:100.00%

f-:100.00%

507 91y 92y 93Y 54Y 95Y 56Y 97y 58Y 99Y
64.055 H 58.51D 3.54 H 1018 H 187 M 103 M 5345 3758 0.548 S 1470 S

B-:100.00% B-:100.00% f-:10000% B-:100.00% f-:10000% B-:100.00% B-:100.00% B-:100.00% B-:100.00% [-: 100.00%
B-n:0058% p-n:033% B-n: 1.90%
898 50Sr 918r 528r 938r 945r 958r 9GS5r 575r 985
50.57 D 2850 Y 563 H 266 H 7423 M 753§ 23.90 § 107 S 429 MS 0.653 §

p-:100.00% p-:10000% p-:10000% p-:100.00% p-:100.00% p-:10000% p-:10000% B-:10000% p-:100.00% p-: 100.00%
B-n= 0.05%  p-n:0.25%



The Big Bang
Group 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

Period
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The simplest
H burning: the
pp chain




This is the
nuclear burning
that powers
stars like the
Sun:

Energy of 4 p >
Energy of 1 He

The Main
Sequence on
the

Herzsprung-
Russell (H-R)
diagram

10°

10°

104

107

104

10

luminosity (solar units)

1002

103

1004

10°°

* Reas 1%

Wolr 350
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0X Canon *

30.000 10.000 6.000 3.000

P S— ,‘:jj'—‘:;’:g_" surface temperature (Kelvin) : -""::{‘.‘f,r-'f —



More H
burning: the
CNO cycle.
The net
result is the
conversion
of Cand O
into N

(O Positron

Y  Gamma Ray

V  Neutrino




The Big Bang| |H burning
Group 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
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The nuclide chart

€1 1UU.uuz

Number of N My 11000ms  ssesy [T

90.634%

t Z P:100.00%  P:100.00% e 100.00% e 100.00% B-:
protons p-o
(=1 sC 10C 11C 12C 14C
230 KeV 126.5 MS 15.280 § 20.334 M STAELE 5700 Y 2
98.89%
P:100.00% € 100.00% e 100.00% e 100.00% B-:100.00% B-:

o ep: 61.60%

SB 7B 5B SB
1.4 MeV 770 MS 0.54 KeV

12B 13B
20.20 M3 17.33 M3 il

2P o eot: 100.00% 2o 100.00%
P € 100.00%  P:100.00%

SBe SEe 7EBe SEe
92 KeV 53.22D 5.57 eV

f-:100.00% B-: 100.00% B-:
B34 1.58% B
10Be 11Be 12Be .
151E+6Y 13818  2149MS | 23

P o: 100.00% & 10000%  o: 100.00% B-:100.00% p-:100.00% p-:100.00%
P: 100.00% B-e:3.1%  p-n= 1.00%
3Li 4Li SLi 8L SLi 10Li 1140
5.03 MeV =1.5 MeV 835.5 MS 178.3 MS 8.59 MS <

P P: 100.00%  P: 100.00% B-o: 100.00% B-:100.00% & N:100.00%  p-: 100.00%
o 100.00% B-:100.00% p-n: 50.80% B-net: 0.027%
3He 4He SHe SHe 7He SHe SHe 10He
STAELE STAELE 0.60 MeV 806.7 MS 150 KeV 115.1 MS 300 KeV
0.000137% | 99.9993
N: 100.00%  p-: 100.00% N B-:100.00% N:100.00%  N: 100.00%
o: 100.00% B-n: 16.00%
1H ZH 3H 4H SH SH 7H
STAELE STAELE 1232 Y 4.6 MeV 5.7 MeV 1.6 MeV 29E-23 Y
99 .985% 0.015%
B-:100.00% IN:10000%  N:100.00%  N: 100.00% Z2N?
Neutron
10.23 M
B-: 100.00%

-

Number of neutrons N



Which nuclear masses do not exist in

stable form:
B 1 3,4ands
2. 5and8
3. 1,2,and 3

4. 5and 7



He burning:
The triple alpha (o = *He) reaction

‘Be

‘He

%{ K

‘He Y Y

12C

Y Gamma Ray




He burning & the “Hoyle” state

"Be = 7654 0| [ '
BE= S 7.367 ’
8Be+a
b
+
O
0* resonance near the | 050 |5
Gamow energy was
predicted by Hoyle

Phys Rev 92 (1953) 1095.

Numerous complementary techniques

CCPP)TCT  yy,30, 6%
13C(3He, a)12C* .» | o

12¢C




Relative probability

Maxwell-Boltzmann

distribution Tunneling through
o« exp(-E/KT) Coulomb barrier

« exp(-[(Ec/E)**]

Gamow peak

e See lectures by Prof. Yamaguchi

KT E, Energy



He burning:
The triple alpha (o = *He) reaction

‘Be

‘He

Y Gamma Ray




Group 1 2 3 4 5 6 7 8 9 10 11 12

Period
1

-] & O = o e

3132 33 M 3B 3B
e | T ] T A A e

The Big Bang

H burning

He burning

9 5 5 5 5 5
i 57 A R R 1. <. 5 . T
81 82 8 81 8 8
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In stars < 10 the mass of the Sun...

planetary nebula do%bl:an;heu— __inert carbon
’ rod clent helium-burning shell
Y % — hydrogen-burning shell

R @ double shell-
burning core

_—helium burning
———hydrogen-burning shell
helium-burning
star core

—_—
2]
—
C
-
—
8
O
k)
=
L —
2]
o
k=
E
3

white dwarf _—Iinert helium

~—~hydrogen-burning shell

subgiant/
red giant core

10,000 6,000

...the core can reach 100 MK needed for He
burning, after that it will become a white dwarf

n




In stars > 10 the mass of the Sun...

v

/) SUPERGIANTS

Coarcpun

X
>
@
8
=
&
Q
[ -
&

Banarss Sue 01 M,

S
* Ross 18

Wot 359,
Prowena Contitun &

10,000 6.000

surface temperature (Kelvin)

Stage

Timescale

H burning
He Burning
C Burning

Ne Burning
O Burning
Si Burning

7 million years
0.5 million years
600 years

1 year

6 months

1 day

...the core can get hotter and keep burning




I I I I | 1 I I I I I 1 I I 1 I I I I I I I I I I
net nuclear energy generation (burning + neutrino losses) =

|
radiative envelope
(blue giant)
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log central temperature (K)

Once formed, the evolution of a star is governed by gravity:
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Carbon and Oxygen Burning

Garbon buring 3. Carbon Burning
g 2+ 2o Mg+ ., 13931
23
‘\q. , — “Mg+n , —-2.605
SN | / >N 2.238
‘:0 —3 a+p :
/ \ — 2Ne +a , 4616
@ — %0 +2a, -0.114
: Average () = 13 MeV
Gygenibiraing 32; Oxygen Burning
| %0+ 150 - 328 +4 | 16.541
- I s —3p +p 7.677
-9 S8 +n, 1453
5 /\ — BSi +a , 9593
®- s ?‘ - X¥Mg+2a, -0393
Oa

Average Q = 16 MeV



Neon Burning

Neon burning proceeds by a combination of photo-disintegrations
and « captures:

'Ne+ v — 20O+ *He, Q= —4.73MeV

This reaction dominates over the inverse reaction known from
helium burning for T > 1.5 x 10° K.

Subsequently, the *He is captured on another “°Ne nucleus:
2)Ne + *He — **Mg + .

The net result is
22Ne ++v — %0 +*Mg+~v, Q = +4.583MeV



Nuclear burning phases for a 20 M_ star

Fuel Main  Secondary T Time Main

Product %% (10°K) (yr) Reaction
14 7 CNO
H He N 002 107 |, o
180, 22Ne ) 6 3 He* > 12C
He O, ¢ S-process 0.2 e 12C(a,y)'®O
C Ne, Na 0.8 103 '2C+12C
Mg

Ne O,Mg ALP 15 3 PNeo)" O

20Ne(a,y)**Mg

I Cl, Ar, 160 + 160
O Si, S o o 2.0 0.8

i Ti, V, Cr, 28Sii(y,01)....
Si,S Fe M';, Co,;« 3.5 0.02 i(y,0)




Nuclear Statistical Equilibrium

When the strong and the electromagnetic interactions come
into equilibrium, the nuclear abundances depend only on the
temperature T, density p, and neutron-richness Y...

NSE Distributions at p=1e7 g cm® Y =0.5 NSE Distributions at T=3.5e9 K p=1e7 g cm™’

100 - 56 i

Mass Fraction

107 |

\

S .48 .46 44
Y

10% L

n
N

Temperature (x10° K)

Favours the production of the nuclei with
the highest binding energy per nucleon



The binding energy per nucleon is the average energy
needed to "break off” one nucleon from the nucleus.
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Core Collapse/Type Il (H-rich) Supernovae

Core exceeds
Chandrasekhar limit, 1.44 M .
Core Collapses.

Protons combine electrons and
form neutrons. Core shrinks.

Neutrpns bounce back infalling matter,
due 0 The Strong Nuclear Force.

Shockwave slows down.

Shockwave accelerated by massive neutrino
flow. Star is torn apart. 10 J of energy re-
leased. Explosion brighter than entire galaxy
The remnant is a neutron.star or a black
hole, initially 100 billion dégrees K hot!




Thermonuclear/Type | (no H) Supernovae:

explosion of a white dwarf that has reached the
Chandrasekhar mass, how?

White dwarf (right) grows in mass

4 Orbit shrinks‘ﬁ,

Mass limit exceeded

Stars collide



The Big Bang| |H burning
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Period He burnlng
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The Big Bang

H burning

Group 1 2 3 4 5 6 7 8 9 10 11 12 ) 7 18

Period
1

-] & 91 = o Mo

He burning

C, O, Ne, Si burning
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The Big Bang| |H burning

Group 1 2 3 4 5 6 7 8 9 10 11 12 . 7 18
Period He burning
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Beyond Fe

Need to add energy to do fusion

Nuclear reactions do not contribute
anymore to the energy of a star

High coulomb barrier prevents proton or
alpha captures, because they are charged

Have to add neutrons to make heavier
elements!



Pb

U

‘ N Sr, Y, Zr

Because of their high number of protons (>26), elements
heavier than Fe have a large Coulomb barrier and can be
produced only by capturing neutrons.




Slow and Rapid neutron captures
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Which of these statements is wrong?

95Rh S6Rh 9S7Rh 58Rh S9Rh 100Rh 101Rh
5.02M 990 M 307 M 872M 16.1D 208H I
€10000% e 10000%  10000% € 10000% & 10000%  100.00% e 100.00%
94Ru 95Ru S7Ru
518M 1643 H 2.791D
€100.00% e 100.00% € 100.00%
93Tc 94Tc 95Tc 96Tc 97Tc 98Tc 99Tc
275H 293 M 200H 4.28D 4.21E+6 Y 4.2E+6Y 2111E+5Y
€100.00%  10000%  «100.00% e 100.00% & 10000% B-:100.00% B-:100.00%
93Mo
40E+3 Y
€ 100.00%
91Nb 92Nb 94Nb S5Nb 96Nb S7Nb
6BE+2Y 347E+7 Y 203E+4Y 34991D 23.35H 721M
€ 100.00% € 100.00% p-:100.00% p-:100.00% f-:100.00% B-: 100.00%
B- < 0.05%

93Zr 95Zr 96Zr
153E+6 ¥ 64032D >39E+20Y
2.80%
B-: 100.00% B-: 100.00% 2p-
20Y 91y 927 937 94Y 95Y
64053 H 58.51D 3.54H 10.18 H 187 M 103 M
p-:100.00% B-:100.00% B-:100.00% B-:100.00% B-:100.00% B-: 100.00%
898r S08r 918r 925r 938r 945r
50.57 D 28907 963H 266 H 7423 M 75.3'S
p-:100.00% B-:100.00% B-:100.00% B-:100.00% B-:100.00% B-:100.00%

1
2
3.
4

102Rh
207 D

€ 78.00%
B

100Tc
15465

B-: 100.00%
€ 1.8E-3%
99Mo
27489D
-: 100.00%

98Nb
2865

B-: 100.00%

97Zr
16744 H

-: 100.00%

96Y
5345

-: 100.00%

958r
238058

-: 100.00%

101Tc
14.22M

B-: 100.00%
100Mo
73E+18Y

9.63%
2p-: 100.00%

99Nb
1508

p-:100.00%

982Zr
3078
B-: 100.00%

o7Y
3758

p-: 100.00%
B-n: 0.058%
965r
1078

B-: 100.00%

104Rh
423§

p-:99.55%
€ 0.45%

103Ru
39.26 D

-: 100.00%

102Tc
5285

f-: 100.00%

101Mo
1461 M

-: 100.00%

100Nb
158
B-: 100.00%
99Zr
218§
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98Y
0.548 5
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p-n:0.33%
978r
425 MS

B-: 100.00%
B-n< 0.05%

105Rh
35.36H

B-: 100.00%

103Tc
54.28

B-: 100.00%

102Mo
113M

B-: 100.00%

101Nb
718

p-:100.00%

100Zr
715

B-: 100.00%

297
14708

p-: 100.00%

p-: 100.00%
B-n:0.25%

Hint: Track the s- and
r-process path on the
nuclide chart.

. Mo has one p-only isotope

. Zr does not have any s-only isotopes

Ru has one r-only isotope

. Zr and Mo have one r-only isotope each



Where does the s process happen?

STARS SHOWING RESULTS OF s-PROCESS

normal star
peculiar star |

PrII,Cell SmI PrIl SmI Ball Unid.
4429 4467 4510 4538 4554 4563

normal star

peculiar star [ T — - -
Zr0 Ball ZrI TiO SrI ZrO TiO ZrO
4534 4554 4576 4584 4607 4620 4626 4641

normal star

peculiar star '

errill 1952,
urbidge et al.
1957



Which processes produce the long-lived
(T1/,> 0.1 Myr) isotopes of Tc?

. 1. the p and the s processes

2. the p process

. 3. the r and the p process

. 4.ther, s, and p processes
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If the s process happens in the “peculiar stars”,
which isotopes of Tc are we are seeing in these
stars?
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~ Extended convective envelope

- Compact core
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Neutron density (cm3):
defines the details of the
s-process path

22Ne >> 13C

Neutron exposure t
(mbarn-): defines the
details of the overall

m distribution
3C >> 2Ne

107 ecm3 | 13C
T = INthh dt time

104 yr




The neutron density is the key quantity the defines the final
abundances around branching points
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Branching points can appear depending on the neutron

density! If the neutron density is around 10" cm-3 we will
have a branching when half lives are greater than a few
days, are there any branching points here?
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Branching points can appear depending on the neutron
density! If the neutron density is around 10" cm-3 we will
have a branching when half lives are greater than a few
days, are there any branching points here?

S55Eh S56Rh S57Fh 58Rh S55Fh 100Rh 101Rh 102FRh 103Rh . 04Rh
5.0ZM S50 M 307 M 872M 161D 208 H 33Y 207D STARLFE : s

Jo v

105Rh
35.36 H
¢ 10000% € 100.00% & 10000%  10000% e 100.00% e 10000%  « 10000% e 78.00%
B-: 22.00%

94Ru S5Ru S56Ru S7Ru ISR 100Ru 1R 102Ru BSRu
518 M 1643 H STAELE 2791D 2 S& cramr s ! ' cramr e e D

5.54% 31.55%

m

f-:88.55%  p-:100.00%
e: 0.45%

104Ru

e 100.00% e 100.00% e: 100.00% B-: 100.00%
953Tc 54Tc 55Tc 956Tc S57Tc 58Tc RSTc 100Tc 101Te 102Tc C a r e f u I
275H 293 M 200H 428D 421E+6Y 42E4+6Y ZI1WE+5Y 1546 § 1422 M 5.28 8§ 0
€ 10000% e 10000%  «100.00% e 10000% € 10000%  B-:100.00% B-:100.08 B-:100.00% B-:10000% p-:100.00% B-:100.00% a b O u t
e: 1.8E-3%
S53Mo S6Mo / J SMo 100Mo 101Mo 102Mo
40E+3 Y : STAEB STAELE 4B : 290D 73E+18Y 1461 M 113 M 1 O 3
% 1000 ¢ e - 3w yu 9.63% R u I
¢: 100.00% ‘ p-:100.00% 2B-:100.00% B-:100.00% B-: 100.00% N
S51Nb S5ZNb S54Nb S58Nb S5Nb 100Nb 101Nb
G8E+2Y 34VE+7Y 203E+4 Y 721M 286§ 1508 1.515 718
€ 10000% e 100.00% B-: 100.00% - 10078 ;100 f-:100.00% B-:10000% p-:10000% B-:100.00% B-:100.00%
B- = 0.05%
S0Zr 51Zr Zr 93Zr 97Zr S8Zr S5Zr 100Zr
153E+6 Y

R0 Y 16744 H 3078 218§ 713

f-:100.00% [-:100.00% B-:100.00% B-: 100.00%

92Y 93Y 947 95Y 96Y o7y 98Y 997
3.54 H 1018 H 187 M 103 M 53485 3758 0.548 § 14708

f-:100.00% B-:100.00% B-:10000% f-:100.00% [-:100.00% f-:100.00% f-:100.00% B-: 100.00%
f-n:0.058% B-n:033%  p-n: 1.90%

913r 923r 938r 943r 953r 963r 9735r 983r
963 H 266 H 7423 M T 23908 107§ 425 MS 08538

f-:100.00% B-:100.00% B-:10000% B-:100.00% B-:10000% B-:100.00% B-:100.00% B-:100.00% B-:100.00% B-: 100.00%

B-n= 0.05%  p-n:0.25%



P>7Zr is a branching point with half-life = 64 days
that produces *°Zr. What is the branching factor

when the neutron density N =10cm=3?
(use 0ys =60 mbarn, v=2x 10% cm/s, and kB=O.693 /T1/55)

2. 0.8 £ = M
- M F Ay
. 4. 0 A =Ny (Vv

Ag = In2/17 9, where 17 /o is the half-life in seconds



The neutron exposure is the key quantity the defines the
relative abundances of the peaks of the overall distribution:
Which elements beyond Fe have isotopes with magic
number of neutrons?




The Solar System abundances
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uring the r-process unstable magic nuclei
act as “waiting points”
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The main nuclear See lectures by Prof. Yamaguchi o N
physics inputs: neutron-

capture cross sections, measured

beta-decay rates,
nuclear masses... are
known much better for
the s process than for
the r process

stable nuclei 50

will be measured
at FAIR

nuclides with
7 H= = = known masses




Astrophysical sites

need a neutron-rich explosive
environment

Neutron-rich jets in magneto-
hydrodynamical supernovae: rapid z ,

rotation and strong magnetic
fields, matter collimates /
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N~ Neutron star mergers:
dynamical and/or disk
ejecta




Magnitude (+offset)

August 2017: first direct evidence for
the neutron star merger site

- gravitational __s, | Neutron
C el IEERSEIECE wave source star
GW170817 merger
S o) 1.7 s after, o VAN
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£ short y-ray observational
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Neutron star mergers

The evolution of Neutron star mergers + Jet supernovae

Eu in the Galaxy

Free parameters:

* the probability of

the events;

 the coalescent
time for neutron
star mergers.

-1 0
Wehmeyer et al. (2015)
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Observational evidence that it must happen in

some stars...
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Human Body Ingredients

Mmassive stars: |[mmeton
core collapse
supernovae
(He burning) s

Critical to the conversion
of food into energy.

are essential parts of the body’s

protein, carhohydm(e and fat

low-mass
stars: giant R
star winds *1§“5%::°
He burning)

body and a key part of other
important compounds, such as
testosterone and estrogen.

[+]-

HYDROGEN

9.5%

Helps transport nutrients,
remove wastes and regulate
body temperature. Also plays
an important role in energy
production.

Big Bang

every star:
winds and
explosions | [T

Found in amino acids, the
building blocks of proteins;

L]
an essential part of the nucleic
acids that constitute DNA.

(Percentage of body welght. Source: Biology,

Campbell and Reece, eighth edition.)

. . *in the immune system,

Ca, P, K, S, Cl,

Elements
Calcium 1.5%

Lends rigidity and N a IVI
strength to bones and )

teeth; also important

for the functioning

of nerves and muscles, .
and for blood clotting. °
Phosphorus 10% Mmassive Sstars.
Needed for building

and maintaining bones
and teeth; also found

in the molecule ATP
(adenosine triphosphate),
which provides

energy that drives
chemical reactions in cells,

stz | supernovae (C,

signaling in nerves and
maintaining the balance

of water in the body. °
Ne, O burnin
Found in cartilage, )

# . insulin (the hormone
that enables the body to

‘use sugar), breast milk,
»_proteins that play a role

. -and keratin, a substance
in skin, hair and nails.

' Chlorine 0.2%
,*Needed by nerves

+ %o function properly;
*also helps produce

' g neutron star
Flays a critical role
in nerves’ electrical

o4, signaling; also helps
regulate the amount I I l e rg e rS

of water in the body.

Magnesium 0.1%

Plays an important role

in the structure of the

skeleton and muscles; r p r O C e S S
also found in molecules

that help enzymes use

ATP to supply energy for

chemical reactions in cells.

lodine (trace amount)
Part of an essential
hormone produced

by the thyroid gland;
regulates metabolism,

Iron (trace amount)
Part of hemoglobin,

ol | White dwarf

Zinc (trace amount)
Forms part of some
enzymes involved

SRR supernovae
(NSE process)
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