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Challenges in Nuclear Astrophysics

Very high vs. very low nuclear energies
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Exotic stellar site Typical stellar site
Quark matter in compact Stellar evolution

stars, Big Bang



Why are low energies interesting?

(a) Understand p(pae:'f)d p-p chain
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(b) Fate of massive stars

Helium burning:

Supernovae remnants: black holes or neutron stars?



(c) Nucleosynthesis
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Experimental problems

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

Debye-Hueckel screening (Salpeter 1959) o . Loee
o
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<Gv>plasma = f(E)<GV>bare .'...o'o!:.{:: o,
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0
f(E)=¢e""*" R, ~.kT/p~0.218 A (Sun)
‘Be(p,7)’B (T =20keV):  f(E)=12 (20 % effect)

- Dynamics of continuum electrons 1- 10 % effect

- Fluctuations in ion number in Debye-Hueckel sphere
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S-Factor [MeV.b]

(b) Electron screening (in the laboratory)

Energy [keV]

Adiabatic model: AF = E'—-F
O-lab ~ O-bare (E + AE)

- exp{n n(E)%} Gy (E)

Dynamic
Adiabatic

Rolfs, 1995| AE (V] | AE [eV]

Reaction experiment | adiabatic limit

d(*He,p)*He | 180+ 30 119
SLi(p, a)*He 470 £ 150 186
Li(d,a)*He | 380+ 250 186
"Li(p, a)*He 300 + 280 186
"B(p,a)2'He | 620+ 65 348




Possible solutions

(a) Amplificaton of small effects

Vpor (x 1000)

Vacuum polarization 0.6
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* Relativistic effects
* Bremsstrahlung 01

- Atomic polarizabilities

C.B., Balantekin, Hussein, NPA 1997
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Corrections

Vaccuum Polarization

Relativity

Bremsstrahlung

Atomic porarization

Nuclear polarization

Not a solution!




Stopping Cross Section [10 ey em? ]

(b) Wrong extrapolation of stopping power?

Bang, PRC 1996;  Langanke, PLB 1996
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Golser and Semrad, PRL 1991

Mainly charge-exchange



Stopping power at very low energies p+H

(a) Test with the simplest system P+D
C.B. and de Paula, PRC 2000 e
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Electronic energy [RYy]

Expansion basis: molecular orbitals for p+H
[ D =410
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Dynamical calculations
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Charge-exchange x nuclear stopping
\ | o=2x|P,,(b)db
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Stopping in H* + He collisions
C.B., PLB 2004 p=Nr""e?Y,(6,0)
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E [a.u]

8 lowest levels in HT + He molecule

Separated atom

United atom

HT + He(1s?) 0%
H(1s) + He™(1s) |1Z
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H(n = 2) + He"(1s)

111

H(n = 2) + He™(1s)
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H(n = 2) + He™(1s)
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H* + He(1s1p)

H* + He(1s1p)

211
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Von Neumann — Wigner

non-crossing rule




Dynamics of H* + He collisions
Damping of resonant exchange P=¢"7 Landau-Zener
H(ls) < He(ls2s)
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H* + He exchange cross sections

Data: Rudd et al, PRA 1983

10 =W R RN U LS 2
c\ll_l &
5 1k
I:_-~ E
o
s 04F
©
0.01

Ep [keV]



Data:
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Threshold effect

Golser & Semrad, NIM 1992
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Experimental Proof

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

d > SHe

How can we
understand the
plasma screening in
the stars if we can
not understand it in
the laboratory?
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The role of NSCL/MSU: Indirect methods

(A) Trojan horse method:
Baur, 1986

Measuring A+a —» b+c+B

with a=b+x =
A+x — B+c (astrophysics)

v_+Fermi motion
(before)

do/dQ dQ, dE, |ZT,mk k,.k, )S,.Y, K,
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(B) Asymptotic normalization coefficients
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Mukhamedzanov, 1993: Transfer reactions

Texas A&M $B\ y |
| /

do/dQ (mblsr)

ANC'’s for 'Be + p — B
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(C) Coulomb dissociation method

_________________

8 do 1 Z
B iCdQ E T dE dO

]

Theory Detailed balance:
2
kbc

O-j/+a k2 Jb"‘c
y

Shoemaker-Levy comet + Jupiter Baur, C.B. and Rebel, 1986



S,7(eV-b)

S;,(0) (eV b)

do/dp, [mb/(MeVic)]
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Conclusions

* Problems in huclear 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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