Nucleosynthesis

The Origin of the Elements
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The 25 Most Abundant Nuclei

TABLE 2.1

Rank Z Symbol A Nucleon Source
Fraction (process)
1 it H 1 7.057e-01 Big Bang
2 2 He 4 2.752e-01 Big Bang, CNO, pp
3 8 O 16 9.592e-03 Helium
4 6 © 12 3.032e-03 Helium
5 10 Ne 20 1.548e-03 Carbon
6 26 Ee 56 1.169e-03 e-process
7 7 N 14 1.105e-03 CNO
8 14 Si 28 6.530e-04 Oxygen
9 12 Mg 24 5.130e-04 Carbon
10 16 S 32 3.958e-04 Oxygen
11 10 Ne 22 2.076e-04 Helium
12 12 Mg 26 7.892e-05 Carbon
13 18 Ar 36 7.740e-05 Silicon, Oxygen
14 26 Fe 54 7.158e-05 e-process, Silicon
15 12 Mg 25 6.893e-05 Carbon
16 20 Ca 40 5.990e-05 Silicon, Oxygen
17 13 Al 27 5.798e-05 Carbon
18 28 Ni 58 4.915e-05 Silicon, e-process
19 6 C 13 3.683e-05 CNO
20 2 He 3 3.453e-05 Big Bang, pp
21 14 Si 29 3.448e-05 Carbon, Neon
22 11 Na 23 3.339¢-05 Carbon
23 26 Fe S 2.840e-05 e-process
24 14 Si 30 2.345e-05 Carbon, Neon
25 1 H 2 2.317e-05 Big Bang




Brietf Summary of Burning Stages (Major Reactions)
1. Hydrogen Burning T =(1-4)x10'K
pp-cycles -> 1H(p,e * V)zH S_process!

/

CNO-cycle ->slowestreaction “N(p,y)"0O
2. Helium Burning T=(1-2)x

‘Het+'He < ®Be *Be(« «,y)'°0]
“N(o,y)®F(B")"®0(xt,y)**Ne(x,n)*Mg (n-source, alternatively >C(x,n)'°O)

3. Carbon Burning T=(6-8)x10°K
12C(12C,x)*Ne 2Na(p,x)*Ne
12C(12C’p)23Na 23Na(p’y)24Mg

4. Neon Burning T=(1.2-1.4)x10°K
20Ne(y,x)'¢0
2Ne(a,y)**Mg[(xx,y)*Si] 30KkT = 4MeV

5. Oxygen Burning T=(1.5-2.2)x10°K
160160, x)%Si IP(p,x)%Si
...... ,p)’'P ...n)*'S(BH)’'P P(p,y)>S

6. “Silicon” Burning T=(3-4)x10°K

(all) photodisintegrations and capture reactions possible
= thermal (chemical) equilibrium



Table 2. Elemental Abundances

Sclar Abundance in the Earth's Solar Abundance in the Earth's
Z E System Crust Sea Z E Systemn Crust Sea
(%) (mg/q) (maiL) (%) {mg/xg) (mgiL)
1 H 9102 1400 1.08x10° 47 Ag 1.58x10%s  0.075 4x10°
2 He B89s 0.008 7x10° 48 Cd 53x10%3 0.15 1.1x10"
3 Li 1.86x10717 20 0.18 49 In 6.0x107%4 0.25 0.02
4 Be 238x10%23 28 56x10° 50 Sn 1.25¢10%:2 23 4x10%
Elemental 5 B 69x10%7 10 4.44 51 Sb 1.01x10%m 02 2.4x10™
g g g-g?gz fgo 585 52 Te 1.57:1%*’ 16 0.001
- - .53 1 29x10%s 0.45 0.06
Abundances 8 O 00785 4.61x10° 857x10° 54 xe 1.5x10"3 210 5x10°
8 b w30 men o e
A R LX
oNa 0007 230 1080 g iy rando’s @ 34x10°
.00350 13 ¢ X -5 -6
13 Alg 0.000277 10 8.23x10° 0.002 e ATy o by
. 59 Pr 544x107%13 8.2 6.4x10
:g i’ g-g“;’gg “ f:?;w :gs 60 Nd 270x10%s 415 2.8x10°
Lax - 61 Pm
8 & DiNiesa 260 905 62 Sm 8.42¢10°°:1  7.05 4.5x107
e it (‘)%"10‘ 63 Eu 3.17x107°s 20 1.3x10”7
18 K 1.23x10°9  2.09x10° 399 64 Ge 1‘076"19f s 7"10'7.7
20 Ca 0000199 14  4.15x10° 412 06 4B LENRG0 Cf RS byl
21 Sc 1.12x107 10 22 6x10” 6 Ly LeSsil @ B2 gy
22 TI 78104 5650 oo 67 Ho 2.90x10_c7 1.3 22x107
23 Vv 96<107s 120 0.0025 68 Er 8.18x10'_cn as 8.7x10”
26 Cr 44x10%s by 310" 69 Tm 1.23x10'_c3 0.52 1.7x10”
25 Mn 3.1x10°3 950 210* 70 Yo 808107 J3 a2 8.2x10”
26 Fe 0‘0029“ 5.69x10°" 0.002 71 Lu 1.197x107716 0.8 1.5x1£'
27 Co 7.3x10%s 25 210° 72 Ht 502¢107°w0 3.0 mo@
50 M ODIOlEle 84 sexigt 73 Ta 6.75x10'_c 12 20 2x10°
25 Cu 170x10°1% 60 secigt T4 W 4.34x10'_czz 1.254 mo@
30 7n A11x10°8 70 00045 75 He 1.69«10'9 165 Tx10 4x10
31 Ga 123x1078 19 axi05 16 Os 2200 14 00015
a2 Ge 3.9x1074 1.5 sxig® .7 I 216x107:3  0.001
” 78 Pt 4.4x10%3 0.005
33 As 21x10%3 1.8 0.0037 10 &
34 Se 203x10713 005 aig¢ (9 Au 810 9 0.004 paabp
35 Br 38x10%7 24 67.3 ok g Lihal i eSS 30
% Kr 151073 i pieigt 8 T 60x1076 0.85 1.9x10
37 Bb 231x10° 90 .1 82 Pb 1.03x1q:e 14 3x10”
38 S 7.7x10%6 370 79 83 B 4maoTs 00088 210°
3 Y 151x10%s 33 13x10°  Sg N 20 1910
40 2Zr 372x1072¢4 165 3x10* 86 Hn ax10? 6x107"%
41 Nb 2.28x1073 20 1x10° 87 Fr
:g h!r1o 8.3x10% 5 1.2 0.01 88 Ha 9x10” 8.9x10""
[ -10
44 Ru 6.1x10%3 0.001 7x10” gg 'ﬁ:ﬁ 1.00x10°" ¢ 312"10 1x10%
45 Rh 1.12#12 9 0.001 a1 Pa 1.4!10.6 5)(10."
49 e Ai0Te DS 92 U 294x10725 27 0.0032
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From Atomic to Nuclear Physics

1 (1A) 18 (vm A)
1 (93!
l ) He oxw\
4']3
‘J{’Jo’,,‘ 2 (I1A) Group 13 (I1IA) 14 (IVA) 15(VA) 16 (VIA) 17 (VIIA) *“,f,’é‘fj,“:
TLi, Wi|3Be, % ’ ),_» ??F H B". i B (T? | SN, ll“ZuT 0, }%zi °F, :ig. iNe,, »ﬁ‘:
“s41 9.012182 O Atweight o811 120107 14.00674 15.9994 18.9984032 301797
1.86x10 % 2.38x10 "% Q Abundance%| 6.9%10 "% 0.033% 0.0102% 0.078% 2.7x10 % 0.0112%
iNa, "SKMg,, & Heytokals 1AL, SiNsi, SN P, AE[1s, EBTiOL, SETiAr, S
+1 +2 +3 2444 +345-3 145+7-1
ST G2 LA QIR 4 VB) S (VB) 6 (VIB) 7(VIIB) 8 (VIID 9 (VII) 10 (Vi) _11aB) 12 amN e e Y | G | e )o
R P T :t'n' S y o slippmiln 1 | iFe, g : B A L P S S = iSe,, al xBl‘ s & xKI’ (i3
! '1"),()‘)3{ vil).()?x ’ 4:,‘)55‘)[(] ’ -;"‘i(‘-' ) \‘0:)4‘]; I j).‘)D(\I ’ .A_ uﬁ“i‘?{-ti ’ ::.)‘HZUU ;;V;v‘}ZJ '(]-.‘\!i-l(\ | ’ 4!(-5 39 ' .:v‘) 723 ‘ Y"Zl 61 L:‘;( ']/";.‘)104 ‘% .80
Si22 Si23 Si24 Si25 Si26 Si27 8 ! | Si3l Si32 Si33 Si3s Si36 Si37 Si3§
6 ms 102 ms 220 ms 2.2Ms 4.16s 1573 m 172y 6.18 s 0.78 s 045 s
0+ 0+ 02+ H 82+ | 0 32+ 0+ o+ o
ECp ECp ECp EC EC 0 6 0 B- B B 7 B Bn
Al22 Al23 Al24 Al25 Al26 Al28 Al29 Al30 Aldl Al32 Al33 Ald4 Al35 Al36 Al3]
70 ms 047s 2083s 7.183s TAE+Sy 22414 m 6.56 m 3.60s 644 ms A ms 60 ms 150 ms
# | s s 3+ s+ 3+ (32.52)+ 1+
Cp ECp ECa EC EC 00 B- B- B B Frn pn
Mg20 § Meg2l | Mg22 | Mg23 g : 026 Mg27 | Mg28 | Mg29 | Mg30 | Mg3l § Mg32 § Mg33 | Mg34 = Mg35 | Mgd
9STms 122 ms 3.&75 ll.gﬁs - - - 9.4§m 20.§l h l.ﬁh 33; ms 23§ ms lzg ms 90g ms zogm g &
0+ (312,5/2)+ 0+ 32+ 0 0 U2+ o+ 2+ 0+ 0+ 0+ o+
Cp EC EC 99 0.00 0 B B- B Bn n Bn pn
Na20 Na2l Na22 Na24 Na2s Na2é6 Na27 Na28 Na29 Na30 Na3l Na32 Na33 Na34 Na3i!
447.9 ms 22495 26019y 14.9590 h 50.1s 1.072s 301 ms 0.5 ms 449 ms 48 ms 17.0 ms 13.2 ms 8.2 ms SSms 1L.5m
2+ 32+ 3+ 4+ M 512+ 3+ 02+ 1+ an 2+ 2+ (3-4-)
Ca 00 B B B- Bn pn frn Brnf-2n.... Jf2n,.. §fnf2n,.. fnf2n.. B2n Bn
2 1756 A' 1572 2 1135 oM 2 I ‘0 2 1 2 2 o~ 900 860 271 2 827 27 2 1627
18 232.0381 2 lO 588 }, 4’;’, = [ 44] "; |:-n| B [24n [247) [251) | 52) “; |:<“| H ‘; | w] 2 [262]

2 1.09x10" %] 2

Cosmic Nucleosynthesis Produces New Isotopes

 Diagnostics of Nuclear Fusion Reactions
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S- and r-processes

The Origin of the Heaviest
Elements
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s- and r-process Decomposition
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Heavy Elements are made by slow and rapid neutron capture events



The Heavy Elements
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S-process
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s-process and steady flow
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in low and intermediate mass stars the H- and He-shells are located at small
distances. They do not burn in a constant fashion. If the H-burning zone is on, it
creates He fuel. After sufficient He 1s produced in an unburned He-rich zone
(leading to sufficient densities and temperatures), He is ignited. The burning is
not stable, as the amount of energy created in a shallow zone is not sufficient to
lift the overlaying H-shell which would cause expansion + cooling, i.e. steady
burning. Instead He-burning, being dependent on the density squared burnes
almost explosively (flash), causing then a stronger expansion which even stops
H-burning in the H-shell. This behavior repeats in recurrent flashes. H is mixed
into the unburned He fuel.
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s-process reaction paths in core He and C-burning
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C-shell s-process path

proton number
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higher temperatures and neutrons densities lead to different

branchings (The et al. 2007}



The sigma*N-curve
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r-process

Site?



Readdressing Chemical Evolution in Galaxies as a
function of metallicity:

CS22892-052: A pure r-process star at [Fe/H]=-3.1
(Cowan et al. 2005)
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High neutron densities lead to
nuclel far from stability
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Nuclear Reactions to be considered: (n,~), (v,n)

(6,zn), (B, f), (n, f), iInelastic v-scattering, (ve,e”) ...



Transmutation by Rapid Neutron Addition

\Nucleosynthesis In the r-process

JINA

Joint Institute for Nuclear Astrophysics 2002
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