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• Very high vs. very low energies

• Problems with low energy experiments

• NSCL/MSU’s role: indirect methods

• Applications and status

• Perspectives
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Challenges in Nuclear AstrophysicsChallenges in Nuclear Astrophysics

Very high vs. very low nuclear energiesVery high vs. very low nuclear energies

100 GeV/nucleon keV/nucleon

??? ???
Exotic stellar site

Quark matter in compact 
stars, Big Bang

Typical stellar site

Stellar evolution



Why are low energies interesting?Why are low energies interesting?

p-p chain

Solar neutrinos

Eν < 15 MeV

(a) Understand (a) Understand 
our Sunour Sun



(b) Fate of massive stars(b) Fate of massive stars

OC 1612 ),( γα

Supernovae remnants: black holes or neutron stars?

Helium burning:



(c) (c) NucleosynthesisNucleosynthesis

Rapid nRapid n--capture:capture:

(n,(n,γγ)  faster than )  faster than ββ--decay  decay  

Numerous σ(n,γ) needed



Experimental problemsExperimental problems
Charged particles Astrophysical S-factor
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Unreliable extrapolationsSteep energy dependence



BpBe 87 ),( γ

OC 1612 ),( γα

Solar neutrino problem might 
be due to ν-oscillations

But this reaction needs to 
be known more accurately

- Bahcall

Has to be known better 
than 20% - Woosley 1993



Other (serious) problems  Other (serious) problems  
(a) electron screening (a) electron screening (in stars)(in stars)

DebyeDebye--HueckelHueckel screening (screening (SalpeterSalpeter 1959)1959)

e
Rr

eff

bareplasma

U
r
eZZe

r
eZZV

vEfv

D −=

><=><

−
2

21/
2

21 ~

)( σσ

2.1)(:)20(),( 87 ≅= EfT keVBpBe γ (20 % effect)

)(218.0~/~,)( / SunA
0

ρkTReEf D
kTUe=

- Dynamics of continuum electrons

- Fluctuations in ion number in Debye-Hueckel sphere
-

1 – 10 % effect



(b) Electron screening (b) Electron screening (in the laboratory)(in the laboratory)
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Possible solutions Possible solutions 
(a)(a) AmplAmpliiffiicatoncaton of small effects of small effects 

Z1Z2 = 1

Vacuum polarization

• Relativistic effects

• Bremsstrahlung

• Atomic polarizabilities

C.B., Balantekin, Hussein,  NPA 1997



Not a solution!



(b) Wrong extrapolation of stopping power?(b) Wrong extrapolation of stopping power?

Bang, PRC 1996;      Langanke, PLB 1996

E’ = E – S.∆x

H + He

Golser and Semrad, PRL 1991

Mainly charge-exchange



Stopping power at very low energiesStopping power at very low energies
(a) Test with the simplest system

p + H

P + D(a) Test with the simplest system

C.B. and de Paula, PRC 2000

c.c. t.d. Schroedinger eq. in a 
two-center basis |m>     
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Expansion basis: Expansion basis: molecular molecular orbitalsorbitals for p+Hfor p+H
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Dynamical calculationsDynamical calculations
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For Ep < 30 keV,  only 1sσ and 2pσ
2-level problem
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b  (Å)

Resonant 

exchange (b < 4 Å)
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ChargeCharge--exchange x nuclear stoppingexchange x nuclear stopping

( )∫= dbbPexchπσ 2

pSnS =Data: McClure, PR 1966

Data  Andersen-Ziegler, 1977:

S ~ v  (Ep = 100 eV – 1 keV)
S ~ v1.35 (Golser & Semrad: S ~ v3.34 :    He+ + He   )



Stopping in HStopping in H+ + + He collisions+ He collisions

( )φθφ ξ ,1
lm

rn YerN −−=C.B.,  PLB 2004

Slater-type orbitals [ ]∑
=

+=Φ
n

i

B
i

B
ji

A
i

A
jii cc

1

φφ

) . &  =   
6 .� & .� 
( ( ) ( )



 −+= ∑ λνµρλρµν

λρ
λρµνµν |

2
1|F PH

( ) ( ) ∑∫∫ ∑
=

=







−∇−=

occ

i
ii

A A

ccPd
r

H
1

1
*

1

2
1

* 2,11
2
11 ρλρλνµν τφφ

µ

( ) ( ) ( ) ( ) ( ) ( ) ( ) 121
12

11,22111| τφφττφφφφλρµν
νµρλνµ µν dSdd

r ∫∫∫ ==

( ) ( )



 −+= ∑∑ λνµρλρµν

µνλρ
λρµνµν

µν
µν |

2
1|

2
1E(R) PPHP



8 lowest levels in H8 lowest levels in H+ + + He molecule+ He molecule

Von Neumann – Wigner

non-crossing rule



Dynamics of  HDynamics of  H+ + + He collisions + He collisions 

Damping of resonant exchange

H(1s)   ⇔ He(1s2s)

yeP −= Landau-Zener
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HH+ + + He exchange cross sections+ He exchange cross sections

Data: Rudd et al, PRA 1983



Threshold effectThreshold effect
Data: Golser & Semrad, NIM 1992 Minimum momentum transfer:
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Experimental ProofExperimental Proof

Formicola et al, Eur. Phys. J.  A 2000

d  Æ 3He

How can we 
understand the 
plasma screening in 
the stars if we can 
not understand it in 
the laboratory?



The role of NSCL/MSU:The role of NSCL/MSU: Indirect methodsIndirect methods
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Alliota et al, Eur. Phys. J. A 2000

Spitaleri et al, Eur. Phys. J. A 2000
nLiHe        withpLi 2 ),(),( 77 αααα

HCCLi        withOC 6 212121612 ),(),( αα γ



(B) Asymptotic normalization coefficients
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ANC’s ANC’s for for 77Be + pBe + p → → 88BB
from from mirrormirror reaction reaction 
1313C(C(77Li,Li,88Li)Li)1212CC

zz separate pseparate p1/21/2 and pand p3/23/2

zz Fits Fits ⇒ ⇒ ANCANC’’ss
77Li + nLi + n → → 88LiLi::
zz CC22(p(p3/23/2) = .384) = .384±.038 fm±.038 fm--11

zz CC22(p(p1/21/2) = .048) = .048±.006 fm±.006 fm--11

⇒⇒ 77Be + pBe + p → → 88BB::
zz CC22(p(p3/23/2) = .405) = .405±.041 fm±.041 fm--11

zz CC22(p(p1/21/2) = .050) = .050±.006 fm±.006 fm--11S17(0) = 17.6 ± 1.7 eV.b

Mukhamedzanov, 1993: Transfer reactions

Texas A&M

Peripherality:



(C) (C) Coulomb dissociation methodCoulomb dissociation method
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Shoemaker-Levy comet + Jupiter Baur, C.B. and Rebel,  1986



Sam Austin: Longitudinal 
momentum distributionGSI, RIKEN: Invariant mass of 

fragments

S17 (0) = 18 ± 1.1 eV.b



Conclusions
• Problems in nuclear astrophysics

• Atomic physics effects

• poor statistics due to small cross sections

• Some needed reactions will never be measured directly

• Indirect methods solve part of these problems
•Transfer of nucleons: Trojan horse, ANC’s

• Coulomb dissociation method

• Charge-exchange experiments (Zegers, JINA Talk February 2003)
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