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Nuclear Reactions and Energy Generation

Proton-Proton Hydrogen Burning Reactions

The pp-chains

H(p,e*v)’H
2H(p,y)*He
3He(°*He,2p)*He 84.7%

3He(o,y)Be 13.8%
Be(e",v)'Li 13.78%
Li(p,a)*He

pp-3: Be(p,y)eB 0.02%
8B(B*v)24He

fusion of 4 'H — 4He + 2e+ + 2ve + 26.7 MeV energy release




Nuclear Reactions and Energy Generation

Network for the pp-chain |
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Calculated Solar Neutrino Fluxes
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S(E) Factors for Critical Rates for Solar Neutrinos
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Nuclear Reactions and Energy Generation

Reactions in the CNO cycles
CNO-1: 12C(p,y)1N  Syp00,)=3 103 MeV-bamn
(B+v)SC

13C(p,7)“N
(P1)PO  Siynp,=2 10 MeV-barn

150 B+\)75N

BN(p,a)'?C  Sysyp,q=1 102 MeV-barn
(P

(
CNO-2:  ™N(p,y)'®0  Sysypy=5 102 MeV-barn
( )17F

17F(B+ )170

170([3,(1)14[\]

CNO-3: 170(p,y)18F
18F(B*v)180
180(p,a)SN = CNO-4



Nuclear Reactions and Energy Generation

Hydrogen Burning Phase of Stellar Evolution

Ne [] «—cNO--1 :
T ena-a | energy generation
O 753 —CNO--3
- CNO--4
C ﬁ . CNO-cycles
|8
Be
’,"’__. -— pp-1
He £ B — pp_2
== 4 — pp-3
2

CNO Burning as a Function of Temperature

%= CNO--1
<+-- CNO--2 ‘Normal’ CNO

10 «— CNO--3 Cycle Burning
0 8

<~ CNO--4

O 2 0O

‘Hot> CNO
Cycle Burning
(T > 80 million K)




CNO Burning as a Function of Temperature

ENERGY PRODUCTION [erg/a/s]

1e+25

Impact on energy generation

1e+15

T hot CNO-cycles
p-Decay Constrained

1e+05 |
CNO-cycles

1e-05

£cno=26 MeV/100s

=260 keV/s

Implications for:
nova explosions
X-ray bursts
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CNO Hydrogen Burning in a 20 M g Star
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Helium Burning: 1°C and 150 Synthesis

EI’I!IC&‘ EeaC!IOHS N He-gurmng

Helium-4

@\ //Energy

Helium-4

@ v Energy

Helium-4/ Carbon-12
¢ *

Helium—4/
&

Energy source in stellar He burning
Energy release determined by associated reaction rates

Oxygen-16 -12

Helium Burning Reactions in Stars

as two step process

i |
first step! T,,(8Be) = 9.7-107 s

Q=0.092 MeV /" 8Be O+ I' ,=6.8 eV

pure a cluster configuration
‘He+a

fast capture = equilibrium between capture and decay
2R, 2:13-4"° 417 fin
v, 2E™  3.8:10 fin/s
H _
3/2 0
Application of Saha Equation N(CBe)=N> -1 27 .e[ kr]
For calculating 8Be equilibrium: “ kT

Interaction time: f = ~107" s << z(*Be)




Helium Burning Reactions in Stars

!xamp‘e lOf !!e GQUI‘I!Flum a!un!ance:

Case of typical He-burning: T=0.1GK = T4,=0.1; p=10° g/cm?

_1ﬂ68J

AR IP—

N(*Be)~4.4.107 . N?

~ one 8Be nucleus
for 10° o particles

Helium Burning Reactions in Stars

ER=0.287MEV | 7.654 MeV. 0+

The Hoyle resonance!

Q=7.367 MeV Y
8Be+a

ete

4.439 MeV v+ 2*

3/2 _(11.605-5,?“
N‘4<mf>=1.54-10“-(0}/-( ] et

M1,
v 0"
wy=(2J+1)Iﬁ$EM— . 12C -
L Decay by sequential E2 y transitions

or internal e* e pair conversion



Helium Burning Reactions in Stars

2 J

Level and Interference Structure
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Uncertainty in low energy extrapolation

Helium Burning Reactions in Stars

onsequences 0 oL,y

107 . . ‘ « [Late Stellar Evolution
\ determines Carbon
and/or Oxygen phase

* Type Ia Supernova
central carbon burning

10°
L of C/O white dwarf
M=13 M,
" *He * Type II Supernova
e | shock-front nucleosynthesis
vl Il . \ in C and He shells of
39e+14 4614 4314 45e+14 pre-supernova star

Time (s)

12C synthesis in red giant
stars in incomplete helium
burned regions



Evolution Past Hydrogen Burning

Abundance evolution In stellar core
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Distinguishing Low Mass and Massive Star Behaviors
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U The Virial Theorem
predicts a dependence
T o« M?3pl’3 of core
temperature on density
for an ideal gas law.

L Equality of gas
pressure and degeneracy
pressure yields T o« p?3,

 The critical issue is
whether the temperature
is sufficient to ignite the
H, He, C, or O fuel prior
to reaching degeneracy.

Stellar and Supernova Nucleosynthesis

1.6 billion kilometers

N
Jupiter’s orbit

Massive Star - SNII




Evolution of Intermediate Mass (AGB) Stars

Red Giant Evolution in HR diagram

Log,q ( Luminosity )
2

To PN and WD...

Nucleosynthesis in Red Giant Stars

Schematic structure
of an AGB star
(not to scale)

H-rich
convective
envelope

H-burning
shell

He

He-burnin
9 intershell

shell

C-O core

Dredge-up

<~ >
~ Flash-driven
intershell convection

Asymptotic giant stars are an advanced stage of
evolution of all low mass stars 1 <M. <10 Mg

Thermal pulses in their helium burning shells
provide an environment for the production of
both '2C and many isotopes of heavy nuclei (s-
process products) .

Incomplete helium burning leaves the He
intershell 12C rich and results in the limit in the
formation of a “carbon star.”

These products are returned to the interstellar
gas via winds and planetary nebula ejection.



Heavy Ion Reactions: Advanced Burning Stages

(] Subsequent to helium burning, stars more massive than
10 M are sufficiently hot to continue thermonuclear
burning. The next stages are:

O Carbon burning, proceeding via 12C + 12C

O Neon burning, initiated via 2’Ne photodisintegration

O Oxygen burning, proceeding via 10 + 10

U The final stage of energy generation involves the
conversion of 28Si to iron-peak nuclei, in what is known as
silicon burning -or the “equilibrium” process.

U These stages leave in their wake a layered compositional

structure, with an iron core that is on the verge of collapse
in the absence of further nuclear fuel.

Composition pre-supernova : M = 25 M

1000 Rq 0.2 Ry 0.02 Rg 0.005 Ry
S
X
Fe 1 Pt
8
Si-Fe
H = He:t» 107 yrs C=0:t»103yrs O =Si:t» 6 months  Si= Fe:t» 1day

Nonburning hydrogen 1.000

Hydrogen fusion

Helium fusion

0.100

Magnesium __ A
fusion
0.010

Silicon fusion—

fraction de masse

Iron ash




Nuclear Astrophysics: Perspective

Onion-like structure
of a presupernova
star several million
years after its birth:

mass: 10 ... 10? M,
radius: 50 ... 103 Ry

» shells of different
composition are
separated by active
thermonuclear
burning shells

» core Si-burning
leads to formation
of central iron core

Nuclear Statistical Equilibrium Conditions

NSE Distributions at T=3.5e9 K p=1e7 g em™

Mass Fraction
| 1 1111 [II

1 IJIIII|

|

.42




Heavy Ion Reactions: Advanced Burning Stages

heavy ion reactions
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Heavy Ion Reactions: Advanced Burning Stages

nuclear models
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MASS FRACTION

S6Ni Production in Explosive Nucleosynthesis
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Synthesis of Nuclei Beyond Iron

(Nuclei heavier than iron (A > 60) are understood to be
formed in neutron capture processes.

(] The helium shells of red giant stars (= 1-10 ) provide
the s-process environment, with the 13C(o,n)'°0
reaction providing neutrons.

U Supernovae II provide the setting for the r-process.

(] Note the different production timescales for the two
neutron capture processes — 10° verses 108 years.

Cosmic Abundances
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« S » Process

S-process

r-process

p-process

r-process

- stable
. T>10"0yrs
. unstable

r-process

v

s-Process/r-Process in Solar System Matter

Z = odd E .
f?\ ] The classical s-process model
) e "E,’ i {\,j\: e, < | e Correlation between observed and calculated
g T b 3 h -N, vs A curve reflects two neutron exposure

events with different neutron flux exposure:
weak s-process: t,~4mb-!,
_— main s-process: t,,=0.3mb-"
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r-Process Neutron Capture Path
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r-Process Nucleosynthesis: Theory

r-Process Abundances in Halo Stars
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r-process in Neutrino Winds

time

T~0.2 MeV
a,n,seed

r-process

n/s

A~<A>+nls
195pt SeFe  ~140

Courtesy: K.-L. Kratz, Mainz Courtesy: Kaori Otsuki, UChicago



H. Schatz

" ©

Particle identification in rare isotope beam Model calculation for synthesis of heavy elements
from NSCL at Michigan State University during the r-process in supernova explosions

— Observed Solar Abundances

d|ffergpt types of 2 o5t e By —— Model Calculation: Half-Lives from
nuclei in the beam % “ - . Moeller, et al. 97

— Same but with present 78Ni Result

Abundance (A.U.)

Measured half-life of 78Ni with"# gvents - the synthesis of heavy elements in the r-process

This is the most neutron rich of the 10 pFeléecﬁ.faster than previously assumed
possible classical doubly-magic nuclei =

in nature. —> a step towards the answer of the open question
of themorigin of the heavy elements in the cosmos
Result: 110 190 ) ms

P. Hosmer et al. accepted in PRL




