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I discuss the challenges in obtaining the nuclear physics input for the Big Bang and
stellar evolution. Then I will show how a new generation of theoretical developments and
experiments can shed light on the complex nuclear processes that control the evolution of
stars and stellar explosions.

1. INTRODUCTION

In stars, the electrons screen the nuclear charges, therefore increasing the fusion proba-
bility by reducing the Coulomb repulsion. Fusion cross sections measured in the laboratory
have to be corrected by the electron screening when used in a stellar model. This is a
purely theoretical problem as one can not reproduce the interior of stars in the labora-
tory. A screening mechanism occurs in laboratory experiments due to the bound atomic
electrons in the nuclear targets. The experimental findings disagree systematically by a
factor of two with theory. Dynamical calculations, and other small effects, such as vacuum
polarization, atomic and nuclear polarizabilities, relativistic effects, etc., have also been
considered [1]. But the discrepancy between experiment and theory remains [1,2].

A possible solution of the laboratory screening problem was sought in ref. [3] by study-
ing the stopping power of slow protons. The obtained stopping power is proportional to
v%, where v is the projectile velocity and o = 1.35. Although this result seems to indicate
the stopping mechanism as a possible reason for the laboratory screening problem, the
theoretical calculations tend to disagree on the power of v at low energy collisions. Ref.
[4] found S ~ v33* for protons in the energy range of 4 keV incident on helium targets.
Another calculation of the stopping power in atomic Het+He collisions using the two-
center molecular orbital basis published in ref. [5]. The agreement with the data of ref.
[4] at low energies is excellent. The agreement disappears completely if the nuclear recoil
is included. The unexpected “disappearance” of the nuclear recoil was also observed in
ref. [6]. This seems to violate a basic principle of nature, as the nuclear recoil is due to
Coulomb repulsion between the projectile and the target atoms.
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2. SOLUTIONS WITH RADIOACTIVE BEAMS

2.1. Intermediate energy Coulomb excitation

The importance of relativistic effects in Coulomb excitation of a projectile by a target
with charge Z5, followed by gamma-decay, in nuclear reactions at intermediate energies
was studied in details [7-9]. The Coulomb excitation cross section is given by
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where B(mwA,I; — Iy) is the reduced transition probability of the projectile nucleus,
A= F1, E2, M1,...is the multipolarity of the excitation, and = —XA, =A+1,..., A

Relativistic corrections to the Rutherford formula for (do/dS), have been investigated
in ref. [10]. For a given impact parameter the scattering angle increases up to 6%
when relativistic corrections are included in collisions at 100 MeV /nucleon. Relativistic
corrections of the elastic scattering cross section are even more drastic: up to 13% for
center-of-mass scattering angles of 0-4 degrees. The orbital integrals S(mA, 1) also change
appreciably with relativistic corrections. Inclusion of absorption effects in S(7A, i) due
to the imaginary part of an optical nucleus-nucleus potential were worked out in ref. [8].

A study in ref. [11] has shown that at 10 MeV/nucleon the relativistic corrections
are important only at the level of 1%. On the other hand, at 500 MeV /nucleon, the
correct treatment of the recoil corrections is relevant on the level of 1%. Thus the non-
relativistic treatment of Coulomb excitation can be safely used for energies below 10
MeV /nucleon and the relativistic treatment with a straight-line trajectory is adequate
above 500 MeV/nucleon. However, at energies around 100 MeV /nucleon, common to
most radioactive beam facilities (MSU, RIKEN, GSI, GANIL), it is very important to use
a correct treatment of recoil and relativistic effects, both kinematically and dynamically.
At these energies, the corrections can add up to 50%. These effects were also shown in
Ref. [9] for the case of excitation of giant resonances in collisions at intermediate energies.

A reliable extraction of useful nuclear properties, like the electromagnetic response
(B(E2)-values, y-ray angular distribution, etc.) from Coulomb excitation experiments at
intermediate energies requires a proper treatment of special relativity [11,12]. Dynamical
relativistic effects have often been neglected in the analysis of experiments elsewhere (see,
e.g. [13]). The effect is highly non-linear, i.e. a 10% increase in the velocity can lead to
a 50% increase (or decrease) of certain physical observables [15,14].

2.2. The Coulomb dissociation method

The differential Coulomb breakup cross section for a + A — b+ ¢+ A follows from eq.
1. Tt can be rewritten as
o (w)
—a F™(w; ) . a7, ppe(w), (2)
where w is the energy transferred from the relative motion to the breakup, and 073, _ ;. ()
is the photo-nuclear cross section for the multipolarity 7\ and photon energy w. The func-
tion F™ depends on w, the relative motion energy, nuclear charges and radii, and the
scattering angle Q = (0, ¢). F™ can be reliably calculated [7] for each multipolarity 7.
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Time reversal allows one to deduce the radiative capture cross section b+c¢ — a+y from
073 _ pre(w) [16]. Tt has been tested successfully in a number of reactions of interest for
astrophysics. The most celebrated case is the reaction "Be(p,v)*B [17].

Eq. 2 is based on first-order perturbation theory. It also assumes that the nuclear
contribution to the breakup is small, or that it can be separated under certain experi-
mental conditions. The contribution of the nuclear breakup has been examined by several
authors (see, e.g. [18]). ®B has a small proton separation energy (~ 140 keV). For such
loosely-bound systems multiple-step, or higher-order effects, are important [19]. These
effects are manifest in continuum-continuum transitions. Detailed studies of dynamic
contributions to the breakup were explored in refs. [20,21] and in several other publica-
tions which followed. The role of higher multipolarities (e.g., E2 contributions [22-24] in
the reaction "Be(p,v)®B) and the coupling to high-lying states needs to be investigated
carefully. In the later case, a recent work has shown that the influence of giant resonance
states is small [25].

2.3. Charge exchange reactions

Charge exchange induced in (p,n) reactions are often used to obtain Gamow-Teller
matrix elements, B(GT), which cannot be extracted from beta-decay experiments. This
approach relies on the similarity in spin-isospin space of charge-exchange reactions and 3-
decay operators. As a result of this similarity, the cross section o(p, n) at small momentum
transfer ¢ is proportional to B(GT) for strong transitions [26]. Taddeucci’s formula reads

do
dq
where K is a kinematical factor, Np is a distortion factor (accounting for initial and final
state interactions), J,, is the Fourier transform of the effective nucleon-nucleon interac-
tion, and B(a = F,GT) is the reduced transition probability for non-spin-flip, B(F) =
(2 4+ DA e 72 |li) 2, and spin-flip, B(GT) = (2J; + 1) (1] Sy o7l [[i)]?, tran-
sitions.

Taddeucci’s formula, valid for one-step processes, was proven to work rather well for
(p,n) reactions (with a few exceptions). For heavy ion reactions the formula might not
work so well. In ref. [27] it was shown that multistep processes involving the physical
exchange of a proton and a neutron can still play an important role up to bombarding en-
ergies of 100 MeV /nucleon. Refs. [28,29] use the isospin terms of the effective interaction
to show that deviations from Taddeucci’s formula are common under many circumstances.
As shown in ref. [30], for important GT transitions whose strength are a small fraction
of the sum rule the direct relationship between o(p, n) and B(GT) values fails to exist.
Similar discrepancies have been observed [31] for reactions on some odd-A nuclei including
13C, 1N, 35Cl, and *¥K and for charge-exchange induced by heavy ions [29,32]. Tt is still
an open question if Taddeucci’s formula is valid in general.

(¢ =0) = KNp|Jo-|*B(a), (3)

2.4. Knock-out reactions

Single-nucleon knockout reactions with heavy ions, at intermediate energies and in in-
verse kinematics, have become a specific and quantitative tool for studying single-particle
occupancies and correlation effects in the nuclear shell model. It was shown in ref. [33]
that the longitudinal component of the momentum (taken along the beam or z direction)



470c C.A. Bertulani / Nuclear Physics A 790 (2007) 467¢—471c

gives the most precise information on the intrinsic properties of the halo and that it is
insensitive to details of the collision and the size of the target. In contrast, the transverse
momentum distributions are significantly broadened by diffractive effects and by Coulomb
scattering. This is confirmed in ref. [34], which extends the theory to include a proper
momentum dependence of the differential cross section.

3. RECONCILING NUCLEAR STRUCTURE WITH NUCLEAR REAC-
TIONS

Very often one solves a set of coupled integro-differential equations of the form
S [ dr [HAR e x') = ENAZ (r,1)] g () = 0, (4)

where HAB(r,r') = (U(a,1)|H|Up(c/, ")) and NAB(r 1) = (¥ (a,1)|¥p(c/,1"). In
these equations H is the Hamiltonian for the system of two nuclei (A and B) with energy
E, U4 g is the wavefunction of nucleus A (and B), and g,(r) is a function to be found by
numerical solution of eq. 4, which describes the relative motion of A and B in channel
«. Full antisymmetrization between nucleons of A and B are implicit. Modern nuclear
shell-model calculations, including the No-Core-Shell-Model (NCSM) are able to provide
the wavefunctions W4 p for light nuclei.

Overlap integrals of the type I4,(r) = (U 4_,| U 4) for bound states have been calculated
in ref. [35] within the NCSM. This is one of the inputs necessary to calculate S-factors for
radiative capture, So, ~ [{ga|Orn|la4)|?, where Oy, is a corresponding electromagnetic
operator. The left-hand side of this equation is to be obtained by solving eq. 4. For
some cases, in particular for the p+7"Be reaction, the distortion caused by the microscopic
structure of the cluster does not seem to be crucial to obtain the wavefunction in the
continuum. The wavefunction is often obtained by means of a potential model. The
NCSM overlap integrals, I4,, can also be corrected to reproduce the right asymptotics
[36], given by Iaq(r) o< W_y,41/2(2kor), where 7 is the Sommerfeld parameter, [ the
angular momentum, kg = +/2uFy/h with u the reduced mass and Ej the separation
energy.

A step in the direction of reconciling structure and reactions for the practical pur-
pose of obtaining astrophysical S-factors, along the lines described in the previous para-
graph, was obtained in ref. [36]. The wavefunctions obtained in this way were shown
to reproduce very well the momentum distributions in knockout reactions of the type
8B+A — "Be+X obtained in experiments at MSU and GSI facilities. The astrophysi-
cal S-factor for the reaction "Be(p,)®*B was also calculated and excellent agreement was
found with the experimental data of direct and indirect measurements [36].
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