Nuclear astrophysics
A survey in 6 parts

Jeff Blackmon, Physics Division, ORNL
Nuclear physics plays an important role in astrophysics:

Energy generation
Synthesis of elements

Introduction
Big Bang
Stellar structure & solar neutrinos
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Supernovae & r process
Binary systems
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Stellar Classification
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Stellar evolution

Globular cluster

Most stars formed at
about the same time

Asymptotic Giant Branch Star
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He burning & the “Hoyle” state

t,,(3Be)=9.7x10-"7 s $ 4
8Ra «—
Be— a+a 7.367 < 7.654 0
N(*] 5Be+q
o
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0* resonance near the 4.439 | 2+
Gamow energy was
predicted by Hoyle

Phys Rev 92 (1953) 1095.

Numerous complementary techniques

ZCEPNC 30, 0%
13C(3He,a)'2C* " v O*

Largest uncertainty I', ~12% L o=
Experiments now at West. Mich. U.




"-’C(a,y)'so the “holy grail” ?

The 2C(c,y)'®0 reaction rate fixes the
ratio of '2C/'80 in the core

The 2C/'80 ratio substantially affects
the subsequent evolution of the star:

Size of Fe core
Supernova?

2 Influence of subthreshold states —
substantial uncertainties in extrapolation

New Stuttgart measurements:
improvement? PRL (2001)
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12C(a,y)'°0 - via "°N  decay

Azuma et al. PRC 50 (1994)

16\

i ks

C

L — o
16
0 New WNSL Measurement
France et al.. PRC 75 (2007) 065802,
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12C(c,y)1°0 via ANC

@

o(y)
A nucleon or “cluster” of nucleons (no internal degrees of freedom) is
transferred from one nucleus to another.

> The core nuclei are unperturbed.
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12C(a,y)°0 via ANC

SubCoulomb a transfer
to subthreshold states
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Brune et al. PRL 83 (1999)
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Neutron sources in AGB Stars

Stars are thermally unstable: mixing, convection, mass loss

2C(p,y)"*N(Bv)**C(a,n)"°0 Fash  ““Ne(a,n)*°Mg

convective
envelope
driven off
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Synthesis of heavy elements

* S process

~ B0% of isotopes
(n,y) rates needed

Branch points crucial

® I process
~ T70% of isotopes

Far from stability

See supernovae

®* p process

~ 10% of isotopes

Very low abundance
Secondary process
Neglected here




Recipe for untanglingr & s

abundances
Calculate s process yields and fit to s only isotopes

Subtract s abundances from solar system to get r abundances
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Stardust in a haystack

Tiny grains isolated from meteorites
Unusual grains identified with SIMS

MNd Isotope Ratios in SiC Grains
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(n,y) cross sections for the s process

Major outstanding issues

Influence of low-energy
levels on <ov> at low temp

Effect of thermal excitations
in stellar environment

Branch point isotopes
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Good data on most stable
isotopes

Spallation n sources
TOF techniques
Good energy resolution

Often high level densities

Maxwellians at kT = 8 and 30 keV
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The new frontier

Source ORELA Lujan nTOF SNS ’
flight path (m) 40 20 180 20 Experiments now
resolution (ns/m) 0.2 6.2 0.05 18 possible with samples of
power (kW) 8 64 45 2000 only ~ 1076 atoms/cm?Z.
flux (n/s/cm®) 2x10*  5x10°  3x10° 2x10°
FOM (n/s/cm’) 5x10°  6x10°  5x10° 9x10™
Important s process branch points
High efficiency detector arrays -0 status feasible
1
High segmentation to handle "Se
rate from radioactive sources YKr

BKr
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4nx BaF array
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Synthesis of heavy elements
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~ B0% of isotopes
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