Nuclear Reactions in Stars
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What Powers the Sun?

Gravitational energy (potential plus kinetic, according to
virial theorem) as function of radius: 3 GM>

tot _10 R
Therefore, maximum amount of energy “generated” by

Sun through contraction to present radius:

10-11 103012
E 3 6.674-107°(1.989-107) T=114-10" ]

“ 10 6.955-10°
Energy actually radiated by Sun over last 4.5 B yrs
E =Ly, T=384-10°W - 142-10" s=545-10*]
= 500 times more! (Or Sun must be less than 9 M yrs
old!)

Solution: Must be something else = nuclear fusion




The Structure of Matter

» What is the Universe made off?

4 s 0.01 m
\. Crystal » What are the most fundamental objects in Nature?
( 1/10,000,000 » What particles where there in the beginning (right
09 m after the big bang)?
- Molectle > How do they interact?
J 110 > How do they form composite objects?
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Matter Particles

Make up visible matter

Pointlike (<10 18 m),
Fundamental ™ \

3 “colors” =3
different charges:

Have mass (from < % eV to red, green, blue

178,000,000,000 eV =178 GeV)
Distinct from their antiparticles )

Fermjons (Spin 72) =

they “defend” their space (Pauli
Principle) and can only be
created in particle-antiparticle
pairs

Can be “virtual”, but make up Q\s

matter bemg(nearly) ‘real” Q\' /‘\

“stable” (against stron% decays

lifetimes from oo to 104 x2 for R, x2 for antiparticles

*) Until further notice



Forces and Force Carriers

Mediate InteracE‘tlons ] force carriers

(Forces) - form Waves BOSONS spin =0, 1, 2, ...

Pointlike Fundamental Unified Electroweak spin = 1 Strong (color) spin =1
]

Mass Electric [\ ERS Electric

*)
Massless Aluls GeV/c2  charge Name GeV/c2  charge

antpartides ESENES

antiparticles

(photon, Z°, graviton) : Gravitation ~ spin = 2

Spin 1, 2 -> Bosons ' Name s, | B
ev/c charge

(tend to cluster together,

can be produced in
arbitrary numbers)

Can be real, but carry forces Note: gluons come in 8 possible
as virtual particles combinations of color/anticolor
Some are absolutely stable (9t is “sterile” — doesn’t exist)

(v, gluons, gravitons)
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HADRONS

Family Particle Particle Antiparticle Electric Lifetime in
Name Name Symbol Symbol Composition Mass Charge Seconds
baryon praton porp* P wud 1,835 +1 stable
neutron nornt i wdd 1,839 0 BR7
mbda A A udks 2,183 0 26 x 10-"
ambda-c f\ \# A, udc 4471 +1 21 x 10
embda-b A% ,}",, wdb 11,000 Q IR &AL
sigma P &' uus 2,328 . 0.8 x 10"
s $ '95’-3—,-‘;-"1'S 2,334 0 1.4 % 10
b b} dds 2,343 -1 LS 0"
l = = uss 2,573 0 29 % 10"
a8 =" dss 2,585 = 16 x 10"
Xt =V = dsc 4,834 0 98 x 10"
=t = usc 4826 =1 35x 10-4
omega {1 o 555 3,272 -1 08 x 10"
omegi-C ', (4 3 §5¢ 5,292 Q 6.4 x 101
meson pion wt w ud 213 +l 26 x 104
= L "’K}z‘!—d? 264 0 B4 x 10"
kaon® K' K us 965 +1 1.2 x 104
~) " ’ 8.9 x 100"
K LA ds 974 0 52 % 10
Iipsi J ot W | or W « 6,060 il 1.0 % 108
omeg » “ “‘»‘-‘{Tzﬁdl 1,532 0 6.6 % 10-7
y : .
elac M i c 3,832 0 3.0 x 10#
B B’ 8 db 10,331 0 16 % 10-"
B* 8 ub 10,331 +1 1.6 x 10-4
- g, g, sh 10,507 0 16 X 107
0 D, B, ci 3,649 Q 4.2 % 10"
o D cd 3,658 ‘1 1.1 x 101
05 DY 0 s 3.852 +1 4.7 10"
chi X X'e cc 6,687 Q 30 x 10#
sl W | s 7,213 0 1.5 X 10
upsian Y ¥ bb 18,513 0 80 x 10"

* The neutral kaon is compased of two panticies; the average ietime of each partcle is given



The Structure of Matter
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Periodic Table

halium

ll)(’(‘)()?l\
] boron 2
H 5 He
1.0079 4 0026
ihium beryllium boron carton nitrogen oxygen fluerine neon
3 4 5 6 7 8 9 10
Li | Be B|C|N|O|F|Ne
6.941 90122 10,811 12.011 14,007 15999 18,998 20,180
sodium magneshim ‘ -) 9,‘ ‘ alumnium shioon phosphons Sultur chiorine agon
11 12 | Y 13 14 15 16 17 18
Na | Mg Al|Si| P | S |CIl|Ar
22.900 24.305 26.962 28.086 30.974 32.085 35453 30.M8
potassium caldum scandivm litanivm vanadiom chromium | manganesa ron cobalt nickel copper zinc galum germanium arsenic salenivm bromine krypton
19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36
K | Ca Sc(Ti|V |Cr|Mn|{Fe|Co|Ni|[Cu|(Zn|Ga|Ge|As|Se | Br | Kr
39.008 40,078 44 956 47967 50.942 51,996 54 938 55,845 58 933 58.693 63 546 65.39 69,723 72.61 74,922 78,96 79.904 83,80
rubldium strontum ytirum Zirconum niobum | molybdenum| technetium | ruthenium rhodium palladivm sllver cadmium ndum tin antimony tellurum lodine XENON
37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54
Rb| Sr Y | Zr({Nb|Mo| Tc|RU{Rh|Pd|Ag|(Cd|In |Sn|Sb|(Te| | | Xe
85468 87.62 58.906 01.224 92.906 05.94 98] 101.07 102.91 106.42 107.87 11241 114.82 118.71 121.76 127.60 126.90 131.29
caosium barium lutetium hafnium Lantalm ungsien rhenivm osmum Fidivm platinum oold marcury thallium lead bemuth polonium astatine radon
55 56 57-70 7 72 73 74 75 76 77 78 79 80 81 82 83 84 85 86
Cs|Ba| * |LUu|Hf [ Ta| W |Re|Os| Ir | Pt |Au|Hg| Tl |Pb| Bi | Po| At | Rn
132.91 137.33 174.97 178.49 180.95 183.84 186.21 190.23 192.22 195.08 196,97 200 59 204.38 2072 208.98 [204] [214 1222
francium radium lawrendum Jruthedordum|  dubnium | seaborgium | bohnium hassium | meltnerum | urunnlliom | unununum | ununblum unusquadium
87 88 89-102 103 104 105 106 107 108 109 110 11 112 114
Fr{Ra|**| Lr| Rf | Db| Sg | Bh | Hs | Mt ([Uun|UuulUub Uuq
[223Y [226) [262] [261] [262] [266] [264] [269 |268] [271] [272] [277] 259
fanthanum oarum praseodymiumy neodymim | promethium | samarium eropum gadoiniim terbium AysSpeosium molmium ebium thulium yhterbum
*Lanthanide series 57 58 59 60 61 62 63 64 65 67 68 69 70
La[Ce| Pr|{Nd|Pm|Sm|Eu|Gd|{Tbh|Dy|Ho| Er |Tm| Yb
138 .91 14012 140.91 144.24 [145 150.36 151.96 157.25 158.93 162.50 164.93 167.26 168 93 173.04
actnium thorium | protactinum|  uranium neptunium | pltonium | amenclm cunum berkelium | calfornum | enstenium | termum  [mendelevium|  nobellum
** Actinide series 89 20 91 92 93 94 95 96 97 98 99 100 101 102
Ac|Th|Pa| U [Np|Pu|Am(Cm|Bk | Cf | Es [Fm|Md| No
[227] 232.04 231.04 238.03 [237] [244] [243 [247] [247] [251] [252] [257) [258] [259]




Related Question: Where do all the
heavier nuclei come from?
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neutron number
H, *He, Li,... Challenge: Big Bang created only hydrogen, helium and a tiny

smattering of lithium (as we will see). Yet Earth (and we!) are
made of C, N, O, metals,...



E,/A (MeV)

Nuclear Binding energies
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Mpc? =Z M,c?+ N M, c®+ Z m.c?>— E, (Binding energy)
typical binding energies B = 7-8 MeV'A with a maximum
for nuclei around iron (A=56). Light nuclei have significantly |
lower BE per nucleon; beyond iron, the BE per nucleon |
decreases slowly with A (due to Coulomb repulsion).
Energy liberated during a nuclear fusion reaction 1 + 2 -> 3.7
M,c2 + Myc? — Msc? = (A + A,) EofAs - Ay EyJA — Ay EJA, ]
— Energy gain only if E,/A; > E,/A; , E,/A, (up to Fe)
Ex.: 2H(Z=1,A=2) + °H = “He + 23.85 MeV = 3.82-:1012) ]

10 100
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Interior of the Sun

Yisible, IR a0f ¥ radiesons

Core

Therranue'ear reactions

1400000 K

Proinisence

' Mw =sots 2ad shart lived magezlic regisas



Nuclear Power Generation




The CNO Cycle

12C Vs 12C + 1H—>13N +y ]
M 13N 130 4 0% 4 v In stars slightly
S ) 13C + TH=N + 7 more massive
dl A/; N+ H-~-P0 +y than the sun, a
\\v 150 _>15N +et+v

more powerful
energy generation
mechanism than
the PP chain
takes over.

The CNO
Cycle

Yy Gamma ray
————— v Neutrino 4He

Positron H




Helium Burning
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Fusion into Heavier Elements

Fusion into heavier
elements than C, O:

ZONe—> 21Ne ZZNe

18%
.4 a requires very high
/ temperatures; occurs
13\ /7 14N/ 15N only in very massive
\ stars (more than 8

Yo 10 solar masses)




