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Scope

T ≈ 1 GKNuclear Structure
-resonance energies
-spin&widths of levels
-e.g. CNO cycle

Nuclear Properties
-masses
-Lifetime
-e.g. r-process

Other Lectures:
-…nuclei far from stability
-…under extreme conditions
-…stellar explosions

This Lecture
-…at or close to stability
-…stable beam reactions

“classical” low-energy
nuclear astrophysics
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Outline

Historical Remarks
-from Rutherford to B2FH
-

From Experiment to Reaction Rate
-formalism

Experiments 
-CNO cycle
-neutron sources
-12C + 12C

Future
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Becquerel wrapped a fluorescent substance, 
potassium uranyl sulfate, in photographic 
plates and black material in preparation for 
an experiment requiring bright sunlight. 

Nobel Prize in Physics (1903)
Nobel Prize in Chemistry (1911)

-first systematic studies of radioactive 
substances(with her husband Pierre Curie)
-first used the term “radioactive”
-discovery of Polonium & Radium
-1st victim of radiation
-founder of Nuclear Medicine

Henri Becquerel
(15.12.1852 – 25.8.1908)

Marie Skłodowska Curie
(7.11.1867 – 4.7.1934)

Nobel Prize in Physics (1903)
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Ernest Rutherford, 
(30.8.1871–19.10.1937)

The Birth of Nuclear Physics

Nobel Prize in Chemistry 
(1908)

Proceedings of the Royal Society of London. Series A, 
Containing Papers of a Mathematical and Physical Character, 
Vol. 82, No. 557 (Jul. 31, 1909), pp. 495-500 

Philosophical Magazine, Series 6, vol. 21, May 1911, p. 669-688

Rutherford Scattering Law is a fundamental discovery!!

Based on experiments by Geiger and Marsden

Expection: all events within <2 °

ZnS screen

microscope

Au foil

Lead

α-source
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It is difficult to avoid the conclusion that
these long-range atoms arising from the 
collision of α-particles with nitrogen are not
Nitrogen atoms, but probably charged atoms
of hydrogen or atoms of mass 2. If this be
the case, we must conclude that the nitrogen
atom is disintegrated under the intense forces
developed iJ;l a close collision with swift
a-particles, and that the atom liberated formed
a constituent part of the nitrogen nucleus.

Times Cited: 51 ! 

Philosophical Magazine, Series 6, vol. 37, June 1919, p. 581-587

First charged particle induced reaction: 14N(α,p)17O

Arthur Stanley Eddington
(28.12.1882 – 22.11.1944)

!

http://apps.isiknowledge.com/CitingArticles.do?product=WOS&search_mode=CitingArticles&SID=3DGNL8f1eknHiGN@b1M&db_id=WOS&parentQid=2&parentDoc=32&recid=6083&cacheurlFromRightClick=no
http://upload.wikimedia.org/wikipedia/commons/2/24/Arthur_Stanley_Eddington.jpg
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Astrophys. Journal, 70, 11R, 1929 Z. Physik, 52, 510, 1928

Proton or alpha induced reaction as energy source of stars ??
( a matter of discussion in the 1920’s)

Protons:
- 4p->4He has highest energy gain
(from mass spectroscopy, Ashton)

Alphas:
- mainly He in sun’s surface
-forming He from 4 protons
-need high proton energies 
to overcome Couloumb barrier
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Physikalische Zeitschrift 39, 633–46, 1938

First electrostatic accelerator 1930
(Cockcroft-Walton)

First experimental informations
about proton-induced reactions

CNO-cycle
Bethe-Weizsäcker cycle
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B2FH

Also before 1957: Several publications by
E.E. Salpeter, W.A. Fowler and others



P
o
S
(
N
I
C
 
X
I
)
2
9
9

How does B2FH compares to today?

12C(p,γ)        S = 1.2 ± 0.2      1.6 ± 0.3
14N(p,γ)        S = 3.0 ± 0.6      1.7 ± 0.1
20Ne(p,γ)      S ≈ 7
12C(α,γ)        S300= 345          150 ± 50
13C(α,n)        S190= 5·105*

Extrapolation of cross section
to energies of interest requires
detailed knowledge of nuclear
structure !!

Sub-threshold states

B2FH                now

*
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energy dependencies
of nuclear cross sections

104

DeBroglie
Wave Length

SommerfeldParameter

Astrophysical S-factor

Bethe-Bible
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S(E) ≈ constant

Gamow Peak

nonresonant reaction resonant reaction

S(E) ≈ Breit-Wigner

Resonance Strength:
!

Γp(E<<EC)  ~ exp(-k·ER
-1/2) !

Reaction Rates
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Γ<<ξ

ωγ
2ε=
λ2

ε = εa + (i/a) εi (in cm-system!)

Target = AaIi

Yield Of Narrow Resonances
(Number of Reactions Per Incoming Projectile)
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Cold CNO Cycle T < 0.2 GK

branching 
point
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Measurements of 15N(p,γ)16O

4MV KN

1MV JN

0.4MV CW

ND

ND

LUNA
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Under ground
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Above ground

Notre Dame (elev. 212m)

Gran Sasso (elev. 2912m)

1400 m below:
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!

Final Result

-well constraint by 
large energy range
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Hot CNO Cycles T > 0.2 GK

Breakout at T > 0.4

!

!
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The nuclear trigger of X-ray Bursts

break-out from HCNO cycles:  15O(α,γ)19Ne, 
18Ne(α,p)21Na

He

O

C

Be

Mg

Ne

2 8

10

64

1412

1816
97-98

2000

bursts are not 
the same

Interplay of:
-CNO feeding by 3α
-CNO breakout
-H left after burst
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Reaction Rate of 15O(α,γ)19Ne
• Reaction Rate

determined by resonance 
energy ER and strength ωγ

• Three measurable 
quantities characterize the 
resonance strength: 
J, Γγ, and Bα

kTE
A

RTvN /2/3 e−−>∝< ωγσ

γαωγ Γ
++

+
= B

JJ
J

TP

R

)12)(12(
12     where
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What experimentalists need to do for 
15O(α,γ)19Ne

Direct measurement is difficult!
– An intense (1011 /s) radioactive 15O 
beam gives a count rate of <1/hr 
(estimated at ISAC, TRIUMF)

MSU
KVI

Yale
TRIUMF

ANL

ORNL

RIKEN

Louvain-la-Neuve

NDIndirect method has been 
approached many times!
– Populate α-unbound states in 19Ne
– Measure lifetimes or gamma widths 17O(3He,n-γ)19Ne 
– Measure α-decay branching ratios Bα

19F(3He,t-α)19Ne

)(~

~
)12)(12(

12

19NeY

B
JJ

J

TP

R

γα

γαωγ

Γ
Γ
Γ⋅Γ

⋅
++

+
=
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50
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o135

Doppler-shifted Spectra
Unshifted

Ex = 4034.5±0.8 keV

Measured lifetime τ= 13±9
6 fs

or Γ=51±43
21 meV

TRIUMF 2006 τ= 11±8
7

fs
or Γ=60±40

25 meV

LWFG86: Γ=73 meV

“Indirect” approach: lifetime

17O(3He,n)

n detector

HPGe

28.5o

90o

)cos)(1(
0

θβτγγ FEE +=
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kTE
A

RTvN /2/3 e−−>∝< ωγσ

“Indirect” approach: branching ratio B

After 20+ years
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Neutron sources for the s-process

Main Component A>100 Weak Component A< 100

low mass AGB stars
T= 0.1 GK
Nn ~ 107 /cm-3

s-process at kT=8 keV
Time scale: 
a few 10,000 years

core He burning in massive stars
T=0.3 GK
Nn ~  106 /cm-3

s-process at kT=25 KeV
Time scale: 
Last few 10,000 years

Shell C burning in massive stars
T=1 GK
Nn ~  up to 1012 /cm-3

s-process at kT=90 KeV
Time scale: 1 year
(not the “typical” s-process)
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Core Helium Burning

weak component
of s-Process

A<100

Hubble Space Telescope
Betelgeuse
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Simple “1-Zone” Model

12.6 million years
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meteorite
inclusions

29,30Si  isotope
ratios

s-Process (Main Component A>100)

TP-AGB Stars

Fluorine Lines Observed
On Surface of AGB Star 

Large Mass Loss Chemical Evolution
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Shell Carbon Burning

burns on the ashes of He-Burning
12C,16O,20,22Ne and 25,26Mg

main energy source: 12C+12C 12C+12C

20Ne+α

23Na+p

!

p/α-ratio

main neutron source: 22Ne(α,n) well known at 1GK
residual from He burning

how much is left at end of He burning?
Small production branch:
20Ne(p,γ)21Na(β+)21Ne(p,γ)22Na(β+)

Most abundant isotopes at end of burning:
16O, 20Ne, 23Na and 24Mg

possible neutron source at end
of burning: 25,26Mg(α,n)
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22Ne

18O
25,26Mg

Neutron sources (Flux)
Light element nucleosynthesis:

16O,20Ne,23Na,24Mg

21Ne
13C

17O

M. Pignatari, PhD Thesis
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C shell poisons

Neutron poisons: 
16O,22Ne,25Mg,26Mg(n,γ)

but

17O(α,n),(α, γ)

17O(n,α)

17O(p,α)

proton “poisons”: 
17O,23Na(p,α),
22Ne,25Mg(p,γ)
NOT 12C(p,γ)
(photodissociation!)

alpha “poisons”: 
16O,20Ne(α,γ),22Ne(α.n)

competition of
reaction channels

determines neutron
recycling efficiency

S-process distribution 
at the end of the C shell

Pignatari 2009

(similar for 21Ne)
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Experiment at Notre Dame: 17O+alpha

3He detector system
-thermalization of neutrons
-3He(n,p) reaction
Q = 764 keV

- 8 tubes in inner ring
-12 tubes in outer ring

inner ring

outer ring

Canberra

Target: Ta2O5
enriched water >97 %
(17O: $2000/ml)
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17O(α,n)20Ne

Previous work:

Bair and Haas 1973
1.4-5.3 MeV
Anodized Ta:
17O(15%)/18O(5%) 
17O implanted

Denker PhD Thesis 1994
0.8-2.0 MeV
Gas target
17O(50%)/18O(29%)

Q= 0.59 MeV

Sα =7.35 MeV
Sn =6.76 MeV

gamma neutron
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1.0E-16

1.0E-15

1.0E-14

1.0E-13

1.0E-12

1.0E-11

1.0E-10

1.0E-09

1.0E-08

500 1000 1500 2000 2500

Good agreement
with Denker

Correct for (α,n1)!!

Measurement below
900 keV hampered

by cosmic/room background

13C(α,n)17O

cosmic/room

Preliminary results
17O(α,n)20Ne

Up to now:
NO experimental
information for

17O(α,n1/γ)

(α,n1)
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Preliminary results
17O(α,n1γ)20Ne

PVC neutron
“shield”

FIRST measurement



P
o
S
(
N
I
C
 
X
I
)
2
9
9

Preliminary results
17O(α,γ)21Ne

~1

~200

~70

(α,n)/(α,γ)

18O(α,n1γ)

(α,n)/(α,γ)
Fowler:                    ~10
Descouvemont ~10000?
(theory)

will be continued with large
Ge detector array…
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22Ne(α,n), 
the main neutron source

present upper limit: < 50 neV

630 keV Jπ=1-

resonance ??

26Mg(γ,γ’) to search for state and its spin!

Q= -0.48 MeV
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Laser

electrons

polarized gamma beam 

High Intensity γ-ray 
Source (HIγS)

Experiment at HIGS

Target: 10 g(!) 26Mg
Market value $100000 ($10/mg)
On loan for 10% of value per year
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E1 M1

E2

Unique spin and parity assignment
But strong ground state transition

is required 
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Results

630 keV
Resonance(?)

Sα Sn !
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Last known resonance at 832 keV

Next month: complimentary
(γ,n) reaction at HIγS

Uncertainties from resonances below
the detection limit of direct measurement !

25Mg+n: Evaluation from Koehler
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Uncertainties in the 12C+12C fusion rate?
Consequences for: 

Stellar Carbon burning
Type Ia supernova ignition
Superburst ignition conditions

Absorption under the barrier - 1973 Hindrance at extreme 
sub-barrier energies – 2002
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Different potential models 
lead to different ways to 
extrapolate the low energy 
cross section (S-factor). 

standard potential model  
hindrance potential model

Caughlan & Fowler ADND 1988
Gasques et al. PRC 2005
Yakovlev et al. PRC 2006
Jiang et al. PRC 2007
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Resonance structure in 12C+12C

Stokstad, 1976

Spillane, 2007
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12C-12C cluster configuration?

Close to of 2+

and 4+ states 

Er ≈1.5 MeV
Γtot≈1000 eV
Γα≈250 eV
Γp≈750 eV
Γ12C≈0.0001 eV?

~1 count per day!
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Influence of hypothetical 1.5 MeV resonance

Strong, molecular 12C+12C resonance causes 
enormous enhancement of S-factor and reaction 
rate at stellar burning conditions

standard potential model  
low energy resonances

Four orders of magnitude 
enhancement in fusion rate!

Temperature   [GK]

1.0E-28

1.0E-20

1.0E-12

1.0E-04

1.0E+04

0.1 1.0 10.0

Potential model

Hindrance model

Resonances model

R
ea

ct
io

n 
ra

te
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Future

Georgina

St.George
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Future: 5 MV heavy ion accelerator Santa Ana

Provide intense heavy ion 
beams for St. George

Provide intense proton and
alpha beams for direct experiemnts
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Future: Georgina Ge array

1. Large efficiency up to 12 MeV.
2. Compact design to fit into tight spaces and to allow 
effective shielding (e.g., with  cosmic ray veto detector).
3. Versatility to adopt the array to a wide variety of 
experimental needs (e.g., in combination with Si-
detector arrays or other γ-detectors).
4. Modest granularity; in most experiments of interest 
the γ-ray multiplicity will be ≤3.

Monte Carlo simulation
sum efficiency:
1.33 MeV 6.7%   (GS 9%)
10.0 MeV 1.0% 1.6% addback

5 100% Ge detectors

Coincidence mode
Single mode

36% geometrical solid angle
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Recoil separator: Principle

Drawings from D. SchürmannDrawings from D. Schürmann

projectiles projectile
s

target

+recoils

focusing
and charge
selection

separation
Detection 

Identification
recoils

projectiles

γ detector

(heavy) (light)

Future: recoil separator St. George

Design goal: alpha capture reactions
with Q ~ 10 MeV
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St.George
layout of  
St.George

24Mg(α,γ)28Si
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Wien filter electrostatic fringe field

Clamped 
magnetic field

E-field of 
standard WF

electrodes

E-field of 
optimized WF

-5.0000E-01

0.0000E+00

5.0000E-01

1.0000E+00

1.5000E+00

-600 -500 -400 -300 -200 -100 0 100 200 300 400

Magnetic field
Electric field
E/B ratio
Figure of merit

Velocity filter: v~E x B



P
o
S
(
N
I
C
 
X
I
)
2
9
9

It’s Coming !
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Plans for St. George

DIRECT
17O,22Ne(α,γ)
22Ne(α,n)(!)

Q<0
sorry, no 17O(α,n)

(Q>0)

INDIRECT
alpha-transfer reactions
at sub-Coulomb energies

●evaluate resonances
too weak for DIRECT
●locate exact energies
of resonances for Direct
(“misuse” St.George as 
0 degreee spectrometer)
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Diana
Accelerator

Lab

Future: Underground Accelerator Laboratory
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Why going underground?

For low Q-value reaction: Local 
shielding (Pb) is more effective 
when the muon flux is reduced! 

background

Environmental 
Radioactivity

Cosmic Rays
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Dakota Ion Accelerators for Nuclear Astrophysics is a collaboration between the following institutions

Design & Shielding
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Laboratory Lay-Out

Approx. Cave Dimensions:
Length: 45 m
Width: 20 m
Max. Height: 20 m
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