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Abstract. In this review, we emphasize the interplay between astrophysical observations, modeling, and
nuclear physics laboratory experiments. Several important nuclear cross sections for astrophysics have
long been identified, e.g., "2C(a,v)*®O for stellar evolution, or **C(a, n)'%0 and **Ne(a, n)**Mg as neutron
sources for the s-process. More recently, observations of lithium abundances in the oldest stars, or of nuclear
gamma-ray lines from space, have required new laboratory experiments. New evaluation of thermonuclear
reaction rates now includes the associated rate uncertainties that are used in astrophysical models to
i) estimate final uncertainties on nucleosynthesis yields and ii) identify those reactions that require further
experimental investigation. Sometimes direct cross section measurements are possible, but more generally
the use of indirect methods is compulsory in view of the very low cross sections. Non-thermal processes are
often overlooked but are also important for nuclear astrophysics, e.g., in gamma-ray emission from solar
flares or in the interaction of cosmic rays with matter, and also motivate laboratory experiments. Finally,
we show that beyond the historical motivations of nuclear astrophysics, understanding i) the energy sources
that drive stellar evolution and ii) the origin of the elements can also be used to give new insights into

physics beyond the standard model.

1 Introduction

Nuclear astrophysics was born from the quest of the en-
ergy source of stars and the origin of the chemical elements
(fig. 1).

In 1948, Alpher, Bethe and Gamow («37) [4] proposed
that the elements were produced “during a rapid expan-
sion and cooling of the primordial matter”. In 1957, Bur-
bridge, Burbridge, Fowler and Hoyle (B2FH) [5] and, in-
dependently, Cameron [6] presented an alternative option
where elements are formed during the different phases of
stellar evolution'. Hence, at that epoch, the following nu-
cleosynthetic sites (o [4] and e [5]) were already identified:

primordial nucleosynthesis;
hydrogen burning and helium burning;

[1h)

e” process (iron peak);
“x” process (Li, Be, B);
r process (rapid neutron capture);
s process (slow neutron capture);

p process (proton rich).
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For extensive historical accounts of the development of nu-
clear astrophysics see refs. [7,8] and refs. [9-11] for comprehen-
sive presentations of the present day domain.
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Fig. 1. Solar system elemental abundances [1-3]. “LiBeB”,
“F”, “ScTiV” labels indicate underabundant elements whose
nucleosynthesis is peculiar.

Amazingly, more than 50 years later, even though consid-
erable progress has been made in the domain, this list has
practically not changed. The “e” process corresponds to
nuclear statistical equilibrium that feeds the most tightly
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bound nuclei around iron, and the “z” (for unknown) pro-
cess is now identified with non-thermal nucleosynthesis
(sect. 6) resulting from the interaction of cosmic rays with
interstellar matter. Only the subsequent burning processes
(C, Ne, O, Si burning phases) and neutrino processes are
missing. If changes in our overall understanding of nu-
cleosynthesis since B2FH are small, tremendous progress
has been made in certain areas, like big bang nucleosyn-
thesis, non-thermal nucleosynthesis, hydrostatic hydrogen
burning and the s-process, where practically all impor-
tant reactions are identified and their cross sections mea-
sured.

In this review, we will present selected issues concern-
ing these thermonuclear processes that occur in stars or
during the first minutes that followed the big bang. For
stellar nucleosynthesis, we concentrate on reactions be-
tween charged particles, since the topic of neutron reac-
tions in astrophysics has recently been reviewed [12]. We
concentrate furthermore on (hydrostatic and explosive)
stellar burning sites with relatively well-established condi-
tions, where the uncertainty of a particular reaction rate
can have an important impact on nucleosynthesis yields.
Of the many recent experiments devoted to those studies,
we have selected for illustration one particular experiment
for each topic that is described in detail. The choices nat-
urally tended towards experiments that we know best.

Another topic presented covers nuclear reactions in-
duced by high-energy non-thermal particles resulting from
acceleration processes. In fact, particle acceleration oc-
curs throughout the Universe: from inside the heliosphere,
where solar flares are the most energetic phenomena, to
supernova shock waves in our own and distant galaxies
and near supermassive black holes that power active galac-
tic nuclei.

We will not discuss another important and active field
of nuclear astrophysics: dense matter properties (in par-
ticular the Equation of State) that are required for the
modeling of neutron stars. We refer the reader to Lattimer
and Prakash [13] for a review.

1.1 Hydrogen-burning reactions

In the last 20 years, the most important reactions involved
in the hydrogen burning phase (p-p chain and CNO cycle)
have been extensively studied and are considered nowa-
days to be well known at solar and quiescent hydrogen
burning temperatures. It is sufficient to refer to the re-
cent evaluations of reaction rates by Adelberger et al. [14],
NACRE-II [15] and liadis et al. [16-18]. Thanks, in par-
ticular, to the underground accelerator LUNA in Gran
Sasso [19], high-precision cross section measurements were
achieved for *He(*He, 2p)*He [20] and 2H(p,~)*He [21].
In particular, the *He(*He, 2p)*He measurement [20] was
the first to be performed in an energy range overlap-
ping the Gamow window. However, in addition to under-
ground experiments, surface experiments contributed to
the study of *He(c, v)"Be (see references in the rate eval-
uation work of deBoer et al. [22]) and N(p,~)0 [23,
24] reactions. Another very important reaction where our
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knowledge was greatly improved is "Be(p,v)®B, the ma-
jor source of the solar neutrinos detected in Homestake,
Super-Kamiokande and SNO. The main experimental dif-
ficulty here is that "Be is unstable with a 53-day half-life
so that either a radioactive target or beam are required for
a direct measurement. It has been studied by many lab-
oratories using direct and indirect methods (see refs. [14,
15] for details). Thanks to the various experiments, the
rates of all important reactions at solar energies are now
known to be better than 8% [14], enabling the use of so-
lar hydrogen burning as a remote laboratory. This was
a prerequisite for an important recent accomplishment in
physics: the solution of the solar neutrino problem and the
concurrent contribution to the establishment of neutrino
oscillations.

The situation is somewhat different for explosive hy-
drogen burning that occurs, in particular, in nova explo-
sions (sect. 3.2.1) and X-ray bursts [145]. As the relevant
energies are higher, so are the cross sections, which makes
them in principle more accessible to experiment. However,
many reactions occurring in explosive hydrogen burning
involve radioactive species with lifetimes down to ~ 1s
(sect. 3.2.1). In these cases it is not possible to use a
radioactive target, as in most "Be(p,v)®B experiments,
so that radioactive beams are needed instead. This is a
major source of difficulties because of the present day
scarcity of low-energy radioactive beam facilities, limited
number of available isotopes and the low beam intensities
(< 10%s), compared to stable beams. This can, however,
be partially compensated by the use of indirect techniques.
We shall present in this review examples concerning the
B (p, )50 (sect. 4.1) and 2°Al(p,~)?°Si (sect. 5.2.5) re-
actions.

1.2 Helium-burning reactions

The *He (v, 7)*2C reaction plays a special role in the syn-
thesis of the elements as it bridges the gap between *He
and '2C. The absence of particle-bound A = 5 and 8 nu-
clei prevents *He+p, n or o captures. It proceeds in two
steps, through a resonance, as shown in fig. 2. The triple-«
reaction begins when two alpha particles fuse to produce
a 8Be nucleus, whose lifetime is only ~ 10716 s. It is, how-
ever, sufficiently long to allow for a second alpha capture
into the second excited level of 2C, at 7.65MeV above
the ground state. This excited state of 12C corresponds to
an ¢ = 0 resonance, postulated by Hoyle [25] (see [8] for
an historical account) to enhance the cross section dur-
ing the helium burning phase. There has been controversy
regarding the *He(ar, v)*2C rate in the widely used com-
pilation of thermonuclear reaction rates NACRE [26]. A
theoretical calculation suggested a 20 orders of magnitude
enhancement of the rate at 10 MK. This is now refuted by
new calculations that point out the very slow convergence
of coupled-channel expansion as the source of the discrep-
ancy [27]. The difference, at low temperature, is now re-
duced to less than an order of magnitude (see ref. [28] for
a summary of the present situation).
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Fig. 2. The *He(a, v)'2C reaction, the first stage of helium
burning, proceeds in two steps: formation of ®Be, followed by
a second alpha-particle capture.

The radiative-capture reaction '2C(a,7)'®O is one
of the most important reactions in astrophysics. The
helium-burning phase is essentially governed by the
“He(acr, v)12C and 2C(a, 7)190 reactions and their rates
determine the ratio of 2C and 60 in the helium-burning
ashes. Consequently, the 12C(a,v)*®O reaction influences
strongly the subsequent nucleosynthesis processes for mas-
sive stars and their final nucleosynthesis yields [29]. At the
Gamow peak energy Fg = 300keV where the reaction
occurs during the He burning stage, the expected cross
section is extremely small (about 10717 barn) and there-
fore impossible to measure directly. The extrapolation to
thermonuclear burning energies is particularly difficult for
this reaction, because the radiative capture process has
several contributions and the most important ones, F1
and E2 transitions to the ground state, are strongly in-
fluenced by the high energy tails of the 27, 6.92 MeV and
17, 7.12MeV states of %0, below the 7.16 MeV 2C+a
threshold (fig. 3), whose a-reduced widths are not very
well known. There is also radiative capture to excited
states of %0 at E, = 6.05, 6.13, 6.92 and 7.12MeV,
with smaller cross sections than the ground-state tran-
sitions, but needed to achieve the global accuracy of 10—
15%, required for stellar modeling. The determination of
120(ar, )10 thermonuclear reaction rate at helium burn-
ing temperatures has probably received the biggest effort
of experimental nuclear astrophysics ever dedicated to one
single reaction. It has included many direct measurements
with a-particle and '2C beams, as well as a variety of in-
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Fig. 3. The 2C(a,v)'®0 reaction, that competes with the
“He(aa, v)'2C one during helium burning, proceeds through
the tails of high-energy or subthreshold states. The hatched
area represents the Gamow window at 2 x 10% K.

direct techniques, including elastic scattering, '°N decay,
a-particle transfer reactions and Coulomb breakup. An
overview of direct measurements and references can be
found in NACRE [26] and NACRE-II [15], as well as re-
cent references of indirect measurements in NACRE-II.
Total astrophysical S-factors S(0.3 MeV) = 148 keV b [15]
and S(0.3MeV) = 161keV b [30] with less than 20% un-
certainty have been extracted from the data, but these
analyses are contested, by arguing inconsistencies between
different data sets [31]. A definite answer has probably to
wait for new measurements at low energies E.,,, < 1.5 MeV
with significant progress in background suppression and
improved detection.

Measurements of several other important reac-
tions occurring during the helium-burning phase,
such as “C(a,v)180, YN(a,7)%F, ¥O(a,v)?*Ne and
10(a, 7)'BF, need to be experimentally improved and are
among the prime scientific objectives of the underground
laboratory LUNA MYV project.

1.3 Advanced stages of stellar evolution

Following hydrogen and helium burning, and depending
on their masses, stars will successively undergo further
burning processes: carbon, neon, oxygen and silicon burn-
ing, before, eventually exploding as “core-collapse super-
novae” for the most massive ones. We will not discuss these
advanced stages of stellar evolution that involve reactions
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like 12C + 12C [32] or 160 + 160 and refer to Iliadis [10]
for a detailed discussion. These advanced burning phases
lead to a nuclear statistical equilibrium and end up in the
region of most tightly bound nuclei, the “iron peak” ele-
ments (fig. 1).

Heavier elements are produced primarily by neutron
captures (s- and r-processes) or photo-disintegration (p-
process) [33,9]. For the sake of simplicity, we will shortly
present these different processes, but often, one can find
isotopes with mixed origins.

Nearly half of the elements heavier than iron are pro-
duced by slow successive neutron captures (s-process)
followed by ([~ decays. The s-process occurs mainly in
Asymptotic-Giant-Branch (AGB) stars of low and inter-
mediate mass (M < 8 M) and during the helium-burning
phase in massive stars (M > 8 Mg). The two identi-
fied neutron sources for this process are the reactions
13C(a,n)1°0 and ?2Ne(a,n)?*Mg. The first reaction is
the main neutron source in low mass AGB stars (0.8-3
M) where the s-elements of the main component having
a mass 90 < A < 209 are produced [34] in the He-rich
intershell at temperatures around 102 K. The second re-
action is the main neutron source in AGB stars of inter-
mediate mass (3 Mg < M < 8 M), and massive stars
where the s-elements of the weak component having a
mass 58 < A < 88 are produced at temperatures around
2.2-3.5 x 108 K. Thanks to the various direct and indi-
rect studies of 13C(a, n)1%0, the cross section of this re-
action is now sufficiently well established (see sect. 5.2.3),
which is not the case of ?2Ne(a, n)?*Mg, whose cross sec-
tion at the energy of astrophysical interest is still very
uncertain. Concerning the cross sections of the (n,y) reac-
tions involving stable isotopes, most of them are very well
known experimentally [35]. This is less true for reactions
at the branching points (competition between beta-decay
and neutron capture rates) which involve radioactive iso-
topes such as %9Fe, "Se and ?°Zr.

The other half of the heavy elements are produced by
the r-process [36], i.e. rapid neutron captures that require
a very high neutron flux. Constraints, besides solar sys-
tem isotopic abundances, now come from elemental abun-
dances observed at the surface of metal-poor stars [37].
Nevertheless, the actual site of the r-process is not yet
firmly established. Core collapse supernovae, in particular
within the neutrino driven wind expelled by the proto-
neutron star (Farouqi et al. [38] and references therein),
have long been the preferred option but is now challenged
by neutron star merger models [39]. The latter has re-
cently received support from the observation of late-time
near-infrared emission following a short-duration gamma-
ray burst. This emission was interpreted to be linked
to a significant production of r-process material in the
merger of compact objects, that gave rise to the gamma-
ray burst [40]. Nuclear networks for r-process nucleosyn-
thesis involve thousands of nuclei on the neutron rich side
of the chart of nuclei (see, e.g., fig. 15 in ref. [9]), proba-
bly extending to the drip-line (neutron star mergers), for
which masses and decay properties are needed together
with tens of thousand rates (n-capture, lifetimes, fission,
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neutrino induced reactions, . ..). Except for a few selected
measurements, this problem requires massive input from
theory. Hence, we will not discuss this process further but
emphasize that the main issue is to identify its astrophys-
ical site(s).

There remain a few, proton-rich (or equivalently
neutron-poor), under abundant isotopes (see, e.g., fig. 3 in
ref. [41]) that are bypassed by the s- and r-processes and
originate from the p- (or 4-)process [41,42]. Even though
its astrophysical site(s) is(are) not definitively identified,
one can safely state that it typically operates from s- and
r-process seed nuclei that undergo photo-disintegration, at
temperatures of a few GK. It proceeds mainly by (v,n),
and to a lesser extent by (vy,p) and (v, «) reactions fol-
lowed by subsequent capture reactions. Here again, re-
action rates are mostly dependent on theory (Hauser-
Feshbach model) but can benefit from dedicated exper-
iments [42].

1.4 Non-thermal nucleosynthesis

Non-thermal ion populations extend in kinetic energy up
to a few GeV per nucleon in strong solar flares and exceed
10%° eV in total energy for the highest-energy cosmic rays
(CR) detected, very probably of extragalactic origin. Nu-
clear reactions involving such high-energy particles dur-
ing their propagation change the abundance pattern of
both the energetic particles and the matter of the inter-
action medium. Despite the usually low densities of non-
thermal particles and the ambient medium, non-thermal
nucleosynthesis may be important locally and even glob-
ally for isotopes not produced in stars (e.g., Li, B and Be).

Historically, the most important example is certainly
the production of lithium, beryllium and boron (LiBeB)
in fusion and spallation reactions of CR protons and «-
particles with interstellar carbon, nitrogen, oxygen (CNO)
and helium. The p,a + CNO and « + « cross section
measurements elucidated the origin of LiBeB when it was
shown that CR nucleosynthesis could produce sufficient
quantities of LiBeB in approximately correct ratios to ex-
plain today’s abundances. Although there are still impor-
tant questions concerning LiBeB nucleosynthesis, a more
detailed account is out of the scope of this review and
can be found in [43-46]. An example of local non-thermal
nucleosynthesis in metal-poor halo stars is in situ °Li pro-
duction by solar-like flares, that has been proposed as an
alternative to big bang nucleosynthesis to the observed
high SLi abundances [47].

However, the interest in studies of energetic particles
and their interactions lies not only in their contribution
to nucleosynthesis, but may also reveal their origin, teach
us about acceleration mechanisms and provide informa-
tion about the propagation medium. In the last years nu-
clear reaction data have been obtained relevant to two
axes of solar flare and CR observations: 1) direct obser-
vations of energetic particle spectra and composition with
balloon- or space-borne instruments; 2) remote observa-
tions of energetic-particle induced electromagnetic emis-
sion. We will only discuss briefly the first subject and
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shall concentrate on the studies centered at gamma-ray
line emission in nuclear reactions, where a large part of
recent results were obtained at the Orsay tandem Van-de-
Graaff accelerator.

2 Nuclear reaction data for astrophysics

Among all the astrophysical environments, there are ba-
sically three thermodynamical conditions in which nu-
clear physics plays a predominant role. These are i) dense
matter, ii) medium in local thermodynamical equilibrium
(LTE) and iii) diluted medium. The first one is found in
the interior of neutron stars or white dwarfs, and also oc-
curs during the core collapse of supernovae. The important
nuclear-physics inputs are, e.g., the equation of state of
neutron dense matter, neutrino interaction cross sections,
or pycnonuclear reaction cross sections. This is beyond
the scope of this review and we refer to [13,48,49] for re-
views. The second regime occurs when the density is low
enough so that the velocity distributions of the ions can be
described by Maxwell-Boltzmann distributions. Reaction
products, including photons, are readily thermalyzed and
do not escape. This describes correctly the conditions pre-
vailing in the interior of most stars, including most of their
explosive phases. Thermonuclear reaction rates as a func-
tion of temperature, are the required quantities. The third
process occurs in diluted environments such as the inter-
stellar medium where the mean free path of accelerated
particles is so long that they do not reach LTE. Interest-
ingly, in these diluted media, produced gamma rays can
escape and eventually be detected. Cross sections, to be
folded with process-dependent velocity distributions are
the required inputs.

2.1 Thermonuclear reaction rates

We consider here a medium that is in local thermody-
namical equilibrium so that the distribution of ion veloc-
ities/energies follows a Maxwell-Boltzmann (MB) distri-
bution,

/8 1 _
¢MB(U)Ud'U = awe E/kTEdE7 (1)

while the photons follows a Planck distribution,

8 1 9

corresponding to the same temperature T'. In such condi-
tions, one defines the thermonuclear reaction rate by

Na(ov) = Ny /OOO ooms(v)vdv (3)

in cm®s~'mole™! units where N4 is Avogadro’s number

(mole~!). We summarize here a few results, to be used in
this review, and refer to [10,26,50] for a detailed treat-
ment.
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Fig. 4. Coulomb barrier penetrability scheme (upper panel)
and penetrability in the a+*2C channel as a function of energy
and orbital angular momentum L (lower panel).

Except for the important neutron capture (s- and r-
processes) and photon-induced reactions (y-process), nu-
clear reactions involve charged particles in the initial state
and available kinetic energies are generally well below the
Coulomb barrier (fig. 4):

ERPYRALL

"R R(fm) (MeV), (4)

so that the energy dependence of the cross section is dom-
inated by the tunneling effect through the barrier. The
Coulomb plus centrifugal barrier penetration probability
is given by (fig. 4)

B kR
B Fl2 (77, kR) + G% (777 kR) 7

Pi(E) (5)

where F' and G are the Coulomb functions, k = /2uE/h

is the wave number, ¢ the orbital angular momentum and

_ 212262
I )

(6)

the Sommerfeld parameter. To account for this strong en-
ergy dependency of the cross section, it is customary to
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introduce the astrophysical S-factor:
S(E | B
(EJ ) exp <_ ;) ’ (7)

where Eg = (0.989ZCZPA%)2 (MeV) is the Gamow en-
ergy. So that eq. (3) leads to

o(E) = exp(—2mn) =

Ny(ov) x /000 S(E)exp <£ - %) dE, (8)

where the argument in the exponential has a maximum,
around which it can be approximated by a Gaussian,

oo(-2-\%) ~en (- (522)) 0

centered at?

Eo = 0.122(Z2Z2A)5 T MeV, (10)
with a full width at 1/e given by
A = 0.2368(Z2Z2A)8 T MeV, (11)

that defines the Gamow window. When calculating a ther-
monuclear reaction rate, and in the case of a slowly varying
S-factor, the dominant contribution to the integral comes
from this energy range. This window is generally used to
guide the experimentalist. Note, however, that when the
cross section is dominated by resonance contributions, the
Gamow window gives a good indication, but should be
used with care [51]. Resonances in the cross sections can
lead to orders of magnitude increase in the thermonuclear
reaction rate: their localization and the determination of
their parameters are hence of the utmost importance.
Since the pioneering works of Fowler and collabora-
tors [52], the importance of providing stellar modelers
with databases of thermonuclear reaction rates has been
recognized. They were obtained from compilations of ex-
perimental nuclear data with some theoretical input, and
were first presented in the form of tables and analytical
approximations. A first transition occurred between the
last Caughlan and Fowler paper [53] and the NACRE [26]
evaluation (recently partly updated [15]), which incor-
porated several improvements. The most important im-
provement was that for all reactions, not only a “rec-
ommended” reaction rate was given, but also “low” and
“high” rates were provided, reflecting the rate uncertain-
ties. However, these uncertainties were not obtained by a
rigorous statistical treatment and a second transition oc-
curred with the Iliadis and collaborators [50,16-18] eval-
uation. In these works, thermonuclear rates are obtained
by Monte Carlo calculations, sampling input data (reso-
nance energies, strength, partial widths, spectroscopic fac-
tors, upper limits, ...) according to their associated un-
certainties and probability density functions (PDF). For

2 In nuclear astrophysics, it is usual to use Tb, the tempera-
ture in units of GK.
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instance resonance energies, strengths or reduced widths
are expected to follow, respectively, normal, lognormal or
Porter-Thomas PDF (see refs. [50,54]). For each value of
the temperature, a Monte Carlo calculation of the reac-
tion rate is performed, sampling all input parameters ac-
cording to their uncertainties and associated PDF. The
result is a distribution of rate values at that temperature.
The median and associated 68% confidence intervals are
calculated by taking, respectively, the 0.5, 0.16 and 0.84
quantiles of this rate distribution (see [50] for details). It
has been found, that these Monte Carlo rate distributions
can be approximated by lognormal functions,

fla) = ——1

L —tmo—p?/(20%)

oV2T T (12)

(with # = Na(ov) for short). This is equivalent to the
assumption that In(x) is Gaussian distributed with ex-
pectation value p and variance o (both functions of tem-
perature). The lognormal distribution allows to cope with
large uncertainty factors (= e?) together with ensuring
that the rates remain positive. If these parameters are
tabulated as a function of the temperature, they can be
used to perform subsequent Monte Carlo nucleosynthesis
calculations within astrophysical simulations (see sect. 3.2
and ref. [54]).

At present, such pieces of information are only avail-
able in the “STARLIB” database which can be found on-
line [55], with the possibility of running Monte Carlo cal-
culations of reaction rate with one’s own input data. The
NACRE databases [26,15] provide “low” and “high” rates
reflecting the uncertainties and are included in the online
databases of BRUSLIB [56-58] and REACLIB [59]. Up to
now, we have implicitly assumed that reaction rates were
derived from experimental data, but this applies only to
the first stages of H and He burning. For other stages, in
particular for the r-process, most rates are obtained from
theory (e.g. [60]) and uncertainties are not provided in
databases.

To be complete, we mention that these thermonuclear
rates have to be corrected for i) electron screening that
lower the Coulomb barrier at low energy [61] and ii) the
thermal population of excited states of the target nuclei
at high temperature.

2.2 Non-thermal reactions

Here, we consider interactions of two distinct particle pop-
ulations, where the kinetic energies of one component are
largely superior to the other. This is for example the case
for cosmic rays interacting with the gas and dust of the
interstellar medium and for solar flares where particles ac-
celerated in the corona interact in the solar atmosphere.
Typical particle energies considered here extend from a
few MeV into the GeV range in solar flares and the GeV—
TeV range for cosmic rays. The energy range of cosmic
rays extends of course largely beyond the GeV-TeV range,
but those extreme energies belong more to the domain of
astroparticle physics, and will not be discussed here. Ther-
mal energies are typically far below the eV range for the
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Fig. 5. Local interstellar proton and He spectra. Symbols are
data from the satellite-borne PAMELA experiment [64], cor-
rected for solar modulation with a force-field model [65]. The
extrapolation to lower energies, shown by the dashed lines is
done with a model for galactic CR propagation [65]. The CR
fluxes have been multplied with E to emphasize the CR inten-
sity per logarithmic bin.

interstellar medium, and even for strong solar flares, where
temperatures may rise to several tens of million Kelvin,
the ambient particle energies are largely below the MeV
range. It is therefore safe to suppose the target at rest in
the calculations and limit reaction rate integrations to the
projectile energy.

As in the case of thermonuclear reactions the product
of cross section o(FE) and what we shall call “interact-
ing effective particle flux” dLP(E) determines the impor-
tant energy range for the calculation of a particular rate.
dLP(E) is the product of the effective path length in the
interaction medium and particle number density at en-
ergy F. In the case of CR interactions with the interstellar
medium (“thin target” mode), the CR density distribution
can be supposed to be in a steady state and dLP(FE) is
then simply proportional to the CR flux spectrum dF'(E).
Local interstellar CR proton and He spectra are displayed
in fig. 5. Above about 10 GeV per nucleon, both spectra
show the typical power-law behaviour dF(E) o< E~* with
s ~ 2.7 that is expected for propagated CR nuclei ac-
celerated by diffuse shock-acceleration in, e.g., supernova
remnants [62,63].

Particle acceleration takes place in impulsive solar
flares mainly in the low-density solar corona of active re-
gions by magnetic reconnection events. Part of the ener-
getic particles are then precipitated along magnetic field
lines to the denser chromospheric and photospheric re-
gions of the solar atmosphere where they induce emis-
sion of secondary particles and electromagnetic radiation,
heat the ambient matter and eventually are absorbed [66].
Then the interacting effective particle flux dL®(FE) results
in the stopping process of an injected particle spectrum
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Fig. 6. Interacting effective proton flux dL®(FE) in a thick
target composed of 90% H and 10% He for injected power-law
spectra with an exponential cutoff E.yt = 10 GeV. The fluxes
have been multiplied with F to emphasize the intensity per
logarithmic bin.

dI(Ey), given by (“thick target” mode):

ALP(E) P / ~ dI(Ey)dEo, (13)

T dE/dz Jp

where p is the ambient matter density and dE/dz the
stopping power. p would typically be given in atomic num-
ber density and dI(Fp) as the number of injected particles
per energy, which results in units of (atoms cm~=2 MeV 1)
for dL@(E). Multiplication with o (E) and integration over
E gives then directly the number of interactions. Parti-
cle losses in nuclear collisions are not included here, being
usually negligible for the particle energies prevailing in so-
lar flares where electronic stopping dominates completely
the energy-loss process.

Examples of dL®(E) for injected power-law particle
spectra with energy cutoff are presented in fig. 6. The
most important energy ranges for nuclear reactions in-
duced by CRs and in solar flares are in the GeV and MeV
ranges, respectively. Depending of course also on the shape
of the cross section functions, data are often needed in
a very wide range, from reaction threshold to hundreds
of GeV per nucleon for CRs and to hundreds of MeV
per nucleon for solar flares. It is worthwhile to mention
that there is no steady state in solar flares: the reaction
rate is strongly dependent on the temporal behaviour of,
e.g., the acceleration process that usually shows short-
time (~ lmin) burst-like behaviour. An explicit time-
dependent treatment for, e.g., the 2.223 MeV neutron-
capture line on H [67,68] or for the emission of long-lived
radioactive species [69] can provide additional valuable in-
formation on the flare geometry and properties of the solar
atmosphere.
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3 Identifying important reactions

Experimental nuclear astrophysics is driven by the need
to determine cross sections of important reactions. Many
were identified early during the development of the dis-
cipline and have been measured to a good accuracy (see
figs. 1-60 in ref. [18]), or are still under investigation be-
cause of experimental limitations (e.g. **C(«,7)'®0, hav-
ing an extremely low cross section). In addition, new im-
portant reactions have been recently identified thanks to
new observations or improved model studies. New obser-
vations can open up a new field (e.g. gamma-ray astron-
omy, sect. 3.1.2-3.1.3) that requires improved knowledge
of previously overlooked reactions or point out discrepan-
cies (e.g. between primordial lithium and CMB observa-
tions, sect. 3.1.1) that require nuclear physics attention.
With the progress in computing power, it is now possi-
ble to perform thousands of calculations with the same
astrophysical model and parameters, but with different
reaction rates, including Monte Carlo sampling of rates,
to identify potential key reactions. In this review, we will
mainly concentrate on these newly identified reactions.

3.1 New observations
3.1.1 New Li, D and CMB observations

Observations of the anisotropies of the cosmic microwave
background (CMB) by the WMAP [70] and more recently
the Planck [71] space missions have enabled the extrac-
tion of cosmological parameters with an unprecedented
precision. In particular, the baryonic density of the Uni-
verse, which was the last free parameter in big bang nu-
cleosynthesis (BBN) calculations, is now measured with
~ 1% precision [71]. Standard BBN predictions can now
be precisely compared with primordial abundances de-
duced from observations.

The primitive lithium abundance is deduced from ob-
servations of low metallicity stars in the halo of our Galaxy
where the lithium abundance is almost independent of
metallicity, displaying the so-called Spite plateau [72].
This interpretation assumes that lithium has not been de-
pleted at the surface of these stars, so that the presently
observed abundance (Li/H = (1.58 £ 0.31) x 10710 [73]
in number of atoms relative to hydrogen) can be as-
sumed to be equal to the primitive one. BBN calcu-
lations using the CMB deduced baryonic density give
(4.947035) x 10719 [74,75], a factor of ~ 3 above obser-
vations. This is the so-called “lithium problem”, whose
solution [76] can come from stellar physics and/or exotic
physics but first, nuclear physics solutions have to be ex-
cluded (see sect. 5.2.2).

A few years ago, observations [77] of 5Li in a few metal
poor stars had suggested the presence of a plateau, at
typically SLi/"Li ~ 1% or SLi/H ~ 107!, leading to
a possible pre-galactic origin of this isotope. This is or-
ders of magnitude higher than the BBN predictions of
SLi/H ~ 1.3 x 107 [78]: this was the second lithium
problem. Later, the observational Li plateau has been

Eur. Phys. J. A (2015) 51: 34

Allende inclusion WA

0.154

26M gIZAM g

0.152

0.15

0.148

0.146

0.144

0.142

M g/24Mg)0

0.14

0.138
0 50 100 150 200 250 300

NI

Fig. 7. Al-Mg isochron: different minerals (melilite, anorthite,
spinel, pyroxene) having different chemical compositions, in
particular Al/Mg ratios [82], allow for the determination of
the initial 2% Al/27 Al isotopic ratio.

questioned due to line asymmetries which were neglected
in previous abundance analysis. Presently, only one star,
HD84937, presents a °Li/"Li ratio of the order of 0.05 [79)
and there is no remaining evidence for a plateau at very
low metallicity.

Deuterium is a very fragile isotope, easily destroyed
after BBN. Its most primitive abundance is determined
from the observation of very few cosmological clouds at
high redshift, on the line of sight of distant quasars.
The observation of about 10 quasar absorption systems
gave the weighted mean abundance of deuterium D/H =
(3.02 4 0.23) x 1075 [80]. However, recently, observations
of Damped Lyman-« (DLA) systems at high redshift show
a very small dispersion of values leading to a more precise
average value: D/H = (2.5340.04) x 10~° [81], marginally
compatible with BBN predictions of (2.6415-03)x 1075 [74,
75]. If a 1.6% precision in observations is confirmed, more
attention should be paid to some nuclear cross sections
(sect. 3.2.2).

3.1.2 New 26Al observations

Before its observation by its gamma-ray emission, evi-
dence of 26A1 decay products in meteorites was observed
in calcium-aluminum rich inclusions (CAIs) from the Al-
lende meteorite as an excess of its daughter nuclei (*Mg)
with respect to the stable 2*Mg isotope [82]. The linear
correlation between the 2Mg/?*Mg and 27Al/?*Mg iso-
topic ratios (fig. 7) yields an initial value of 5.3 x 1075
for the 26A1/27Al ratio [83]. The content of 26Al in these
CAIs demonstrates that this short-lived nucleus was in-
deed present at the birth of the Solar System.
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Contrary to most observations in other wavebands that
are sensitive to element abundances, gamma-ray astron-
omy provides isotopic information through the character-
istic gamma-ray signature of radioactive isotopes. There
is also the penetrating nature of gamma rays that makes
them less sensitive to interstellar absorption and the in-
sensitivity of radioactive decay to the ambient conditions.
A gamma-ray line flux is therefore often a direct measure
of the radioisotope activity and thus the isotope abun-
dance if the distance is known. The long-lived 26A1g.S~ (r=
1.0 x 105 y) was the first detected cosmic radioisotope. Its
1.809 MeV decay line was observed by the HEAO-3 satel-
lite more than 30 years ago from the inner Galaxy [84] and
confirmed later on by several other instruments. These ob-
servations provided an estimation of the galactic 26Al con-
tent, but could not establish the sources of 26Al because
of angular resolution and sensitivity limits [85].

The origin of the observed 26Al are nucleosynthesis
sites with efficient 26Al production and ejection into the
interstellar medium before its decay. The main produc-
tion mechanism is the 2°Mg(p, v)2%Al reaction in high-
temperature environments (7' > 50 MK) with sufficient
abundances of H and Mg. Those conditions are met in
AGB and Wolf-Rayet stars, where convection and mas-
sive stellar winds disperse the nucleosynthesis products of
hydrostatic hydrogen burning. Other important sources
of galactic 2°Al are the carbon and neon shells of mas-
sive stars releasing the synthesized radioactive isotopes
during subsequent supernova explosions and —probably
of less importance— explosive hydrogen burning in clas-
sical novae (see [85] for a more detailed account of 26Al
nucleosynthesis).

A breakthrough in the observation of galactic 26Al
came with the CGRO and INTEGRAL satellites. The
Compton imaging telescope Comptel aboard CGRO [86]
made the first maps of 26Al emission with good angular
resolution (~ 4°). They show irregular extended emis-
sion along the galactic plane with brighter spots that
favor massive star origin [85,87-89]. More recently, the
high-resolution gamma-ray spectrometer SPI of the INTE-
GRAL mission [90] measured fluxes, redshifts and widths
of the 26Al line from different locations. They included
the inner Galaxy and some massive-star groups like the
Cygnus, Orion and Sco-Cen regions [91-97]. The redshifts
measured by INTEGRAL/SPI demonstrate that the 26 Al
source regions corotate with the Galaxy, specifying their
distribution in the Galaxy. The deduced radial velocities,
however, exceed the velocities expected from galactic rota-
tion and may hint to some very specific emission process of
freshly synthesized 26 Al. Kretschmer et al. [96] proposed
massive stars that are situated in the leading edges of
spiral arms ejecting their nucleosynthesis products prefer-
entially towards the inter-arm regions. The total amount
of live 26Al in the Galaxy could be established to be of
~ 2 solar masses.

The total amount of 26Al and its distribution pose in-
teresting constraints on the 26Al yields of massive stars
and novae. This holds even more for the individual groups
with well-known populations of massive stars, where de-
tailed stellar models of massive-star nucleosynthesis can
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be confronted with the actual 26Al content. These obser-
vations naturally triggered considerable activity in exper-
imental nuclear astrophysics to determine more accurate
yields of reactions relevant to 26 Al nucleosynthesis.

3.1.3 New observations related to energetic-particle
populations

(a) Cosmic rays.

There is an impressive record of new CR spectra and
composition data, from H to Sr and for electrons, positrons
and antiprotons, obtained in the last decade from dedi-
cated experiments on high-altitude balloons, satellites, the
space shuttle and the International Space Station. A com-
plete review will not be given here, a compilation of pub-
lications and data since 1963 can be found in [98]. Most
relevant for nuclear astrophysics are probably the recent
data of ATIC [99], TRACER [100], CREAM [101] and
ACE/CRIS [102] instruments that provide high-precision
CR compositions and spectra at ~ 0.2-10° GeV per nu-
cleon for elements up to Fe, Ni, while the TIGER instru-
ment [103] yielded abundance data for elements up to Sr
above ~ 2.5 GeV per nucleon. Still more precise data are
expected from the AMS-02 experiment on the Interna-
tional Space Station [104].

The LAT instrument on the Fermi satellite [105],
launched in 2008 and featuring much-improved sensitiv-
ity and angular resolution with respect to earlier missions,
has enabled a big step forward in the observation of the
high-energy gamma-ray sky. The diffuse galactic emission
in the Fermi-LAT energy band (30 MeV to several hundred
GeV) is dominated by 7°-decay gamma-rays from the in-
teraction of CR nuclei with interstellar matter, the largest
contribution coming from proton-proton and proton—a-
particle reactions with energies in the GeV range. Fermi-
LAT observations therefore trace the spectra and densities
of light CR nuclei in the Galaxy. Examples of observa-
tions include local molecular clouds [106-108], supernova
remnants [109-114], superbubbles [115] and general diffuse
emissions throughout the Galaxy [116,117] (an example is
shown in fig. 8). A complete account of CR-relevant Fermi
publications can be found in [118].

These direct CR. observations and CR-induced gamma-
ray emissions put stringent constraints on the CR origin
and propagation that are fully utilized in modern CR
transport models like Galprop [119]. Galprop calculates
local CR spectra and composition after propagation of
a given galactic source distribution and has also imple-
mented CR-induced electromagnetic emissions from the
radio to the high-energy gamma-ray band. Taken together,
these new observations and CR modeling have furnished
a broadly consistent picture of CR rigidity-dependent dif-
fusion in our Galaxy with a CR halo extending a few kpc
above and below the galactic thin disk (see, e.g., [103,120—
123]). The CR composition and gamma-ray observations
indicate an origin closely tied to massive stars, with shock
waves in supernova remnants as the most likely sites of
CR acceleration [124,125] at GeV-TeV energies.
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Fig. 8. Predicted gamma-ray emission due to nuclear in-
teractions from the inner Galaxy (within —80° < [ < 80°,
—8° < b < 8%, in, respectively, galactic longitude and latitude)
with a LECR component added to the standard CRs (full blue
line). The LECR properties have been adjusted such that the
mean CR ionization rate of the inner Galaxy deduced from Hj
observations (see text) and the Fermi-LAT observations (cyan
band) [117] at E = 1 GeV are simultaneously reproduced. This
example is for shock-accelerated LECRs with an exponential
cutoff E. = 45MeV per nucleon (see [65] for more details).
The dashed red line shows the total calculated emission when
adding leptonic contributions, point sources and extragalac-
tic gamma-ray background that were taken from [117]. Also
shown are the Comptel data [135] from (—60° < [ < 60°,
—10° < b < 10°).

This progress must be accompanied by providing an
accurate nuclear reaction network in those codes, calling
for cross sections that have an accuracy in the ten per-
cent range or better, comparable to observations. While
the calculation of 7° production and decay in nuclear col-
lisions has recently been updated [126], precise fragment
production cross sections exist only for a part of abundant
CR nuclei and often in a limited energy range. The most
important needs are probably cross sections for heavier
nuclei, e.g., Fe-Sr interacting with H and He and a much
better coverage of cross sections above a few GeV per nu-
cleon for practically all nuclei.

(b) Low-energy cosmic rays.

The observations described above have largely con-
tributed towards a consistent picture of galactic cosmic
rays above a few hundred MeV per nucleon. Below these
energies, however, no direct observation is possible inside
the heliosphere because of solar modulation, the suppres-
sion of low-energy cosmic-ray (LECR) flux due to the ac-
tion of the wind streaming out from the sun®. Likewise,
the high-energy gamma-ray observations with Fermi-LAT

3 The Voyager 1 spacecraft may have recently crossed the he-
liospheric boundary and may now observe the local interstel-
lar particle spectra [127], but this conclusion has been ques-
tioned [128].

Eur. Phys. J. A (2015) 51: 34

probe CR spectra above about 1GeV per nucleon only.
However, the CR energy density is probably dominated by
lower-energy particles and there is evidence that at least
some regions of our galaxy contain an important LECR
component.

There are in particular three recent observations sug-
gesting important LECR fluxes:

i) Observations of the molecule Hy in diffuse interstellar
clouds indicate a mean CR ionization rate of molecular
hydrogen in our galaxy of (; = 3-4 x 10716571 [129-
131]. When taking typical cosmic-ray spectra obtained
by extrapolating the locally observed CR spectrum to
lower energies, simple or more sophisticated galactic
propagation models yield mean ionization rates that
fall short by about a factor of 10. The authors of [129—
131] concluded that a distinct low-energy galactic
CR component, probably localized production in, e.g.,
weak shocks, must be responsible for the extra ioniza-
tion.

ii) Very recent millimeter-line observations of molecular

species in dense interstellar clouds close to the super-

nova remnant W28 indicate a cosmic-ray ionization
rate much larger (>~ 100) than the standard value
in dense galactic clouds, with the most likely interpre-
tation of these observations being a locally-confined
hadronic LECR component in the range 0.1-1 GeV,

accelerated in the supernova remnant [132].

Another indication of an enormous flux of low-energy

ions has been deduced from X-ray observations of the

6.4keV Fe Ka line in the Arches cluster [133]. There,
in a nearby molecular cloud a CR energy density of
about 1000 times the local CR energy density was
estimated from the observations, dominantly due to

LECRs. We note, however that the recent detection of

a variation of the X-ray non-thermal emission in the

Arches cloud [134] is difficult to explain with a model

of LECRs.

iii)

Supposing that LECRs were primarily hadrons, be-
sides contributing significantly to the LiBeB synthesis,
they would be responsible for considerable emission of nu-
clear gamma-ray lines from collisions with atomic nuclei of
the interstellar medium. Actually, it has been shown that
the intensity of some strong lines and even more the to-
tal nuclear gamma-ray line emission in the 1-8 MeV band
from the inner Galaxy would be largely in the sensitivity
limits of next-generation gamma-ray telescopes for most
of the ion-dominated LECR scenarios [65]. Figure 8 shows
an example of predicted nuclear gamma-ray emission of
CRs containing such a low-energy component. A future
observation of this emission would be the clearest proof of
an important LECR component in the Galaxy and proba-
bly the only possible means to determine its composition,
spectral and spatial distribution. From the nuclear side,
gamma-ray line cross sections for the total emission in the
1-8 MeV band are required. This applies in particular to
a component that is a superposition of thousands of weak
lines that form a quasi-continuum and for which no indi-
vidual cross section data exist.
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Fig. 9. INTEGRAL/SPI spectrum of the October 28, 2003 X-
class flare. Symbols present the observed dead-time corrected
count rates in the Ge detectors during the most intense phase
of the flare lasting about 10 min [141]. The full line shows the
calculated spectrum with energetic proton and a-particle prop-
erties extracted from the narrow line intensities, shapes and
temporal evolution and otherwise impulsive solar-flare compo-
sition [139,142,143]. The bremsstrahlung contributions of ac-
celerated electrons and pion-decay leptons are shown by the
dashed and dotted lines, respectively.

(c) Solar flares.

Observations of solar-flare gamma-ray emission bene-
fit since the launch of RHESSI [136] in 2002 and INTE-
GRAL in 2003 from the high-resolution Ge detectors that
are onboard these spacecraft. RHESSI is dedicated to the
observation of high-energy phenomena on the Sun and to-
gether with good energy resolution provides also imaging
at the few arcsecond level. It has observed several tens of
solar flares with gamma-ray emission (see, e.g., [137]), ob-
taining spectra from a few keV to typically 17 MeV. An-
other highlight was certainly the observation of slightly
different interaction sites at the solar flare foot points for
high-energy electrons and ions [138]. The gamma-ray spec-
trometer SPI onboard INTEGRAL [90], although it was
not designed for solar-flare studies, observed the gamma-
ray emission above ~ 1 MeV of several strong X-class solar
flares [139,140]. Analysis of the high-resolution spectra of
both instruments required new studies of gamma-ray line
production in nuclear reactions, in particular detailed line-
shape calculations. The weak-line quasi-continuum com-
ponent already mentioned above is also important here.
The gamma-ray spectrum of the October 28, 2003 solar
flare as observed by INTEGRAL/SPI is shown in fig. 9.

3.2 Sensitivity studies

Important reactions were mostly identified by direct in-
spection of a limited nuclear network. For instance, if one
is interested in solar "Be core abundance and associated
neutrino emission, the inspection of the pp III branch in
hydrostatic hydrogen burning points to the importance of
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the 3He(a, ) Be production and “Be(p, v)®B destruction
reactions. It seems natural to extend this deduction to
explosive hydrogen burning in novae and "Be associated
gamma-ray emission or BBN and the "Li problem. How-
ever, in these two cases, temperatures are high enough
to photodisintegrate efficiently ®B, blocking its destruc-
tion by "Be(p,v)®B for which the cross section becomes
inessential. This example points out the limitations of ed-
ucated guessing in this domain.

It is hence essential to perform sensitivity studies,
varying rates within network calculations, to find those
reactions that influence the abundance of isotopes of in-
terest. This leads, as we shall see, to find influential re-
actions that seem, at first sight, totally unrelated with
the observed effect. One first step is to vary each reaction
rate in the network, by a given factor, or better within
the rate uncertainties when available* and calculate the
effects on nucleosynthesis or energy generation (see exam-
ples in sect. 3.2.1 (novae) and 3.2.2 (BBN) or refs. [144,
145] (thermonuclear supernovae), lliadis et al. [146] (*°Al
in massive stars), [147] (r-process)). Nevertheless, in this
way, one may overlook chains of reactions, whose uncer-
tain cross section could, if changed in conjunction, cause
an effect not observed when changing one of these reaction
cross sections. To overcome these limitations, the second
step in sensitivity analyses is to search for correlations be-
tween isotopic yields and reaction rates and select those
reactions which have the highest correlation coefficient as
was done by [148] for X-ray bursts and by [74] for BBN
(see sect. 3.2.2).

3.2.1 Novae

It is interesting to start this discussion on sensitivity stud-
ies with nova nucleosynthesis, because a nova is the only
explosive astrophysical site for which all reaction rates
could soon be derived from experimental data only [149].
Novae are thermonuclear runaways occurring at the sur-
face of a white dwarf by the accretion of hydrogen-
rich matter from its companion in a close binary sys-
tem [150-154]. Material from the white dwarf (}2C and
160 (CO nova) or 60, 2°Ne plus some Na, Mg and Al
isotopes (ONe nova)) provides the seeds for the opera-
tion of the CNO cycle and further nucleosynthesis. No-
vae are supposed to be the source of galactic >N and
70 and to contribute to the galactic chemical evolu-
tion of "Li and '3C. In addition they produce radioac-
tive isotopes that could be detected by the gamma-ray
emission that follow their 31 decay to an excited state,
"Be(B1)7Li* (478keV), 22Na(p+)?2Ne* (1.275 MeV) and
6A1(BT)*Mg* (1.809 MeV), while positron annihilation
(< 511keV) only follow ¥F(37)0 decay. Other con-
straints can come from a few silicon carbide (SiC) or

4 Most often, rate uncertainties are not available and would
require much effort to evaluate. It is more convenient to use
first a constant, overestimated, uncertainty factor and post-
pone the evaluations after the important reactions have been
found.
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graphite (C) presolar grains found in some meteorites and
that are of possible nova origin. Laboratory measured iso-
topic ratios, in particular those of C, N and Si can be
compared to nova models [155]. The yields of these iso-
topes depend strongly on the hydrodynamics of the ex-
plosion but also on nuclear reaction rates involving stable
and radioactive nuclei.

The identification of important reactions for nova nu-
cleosynthesis have followed the progress in computing
power. First explorations were done in one zone models
with constant temperature and density (e.g., Wiescher
and Kettner [156]), a crude approximation for an ex-
plosive process, but which provided valuable insights for
key reactions and rate uncertainties. More elaborate mod-
els [157] assumed an exponential decrease of temperature
and density and two zones to take into account the con-
vection time scale, essential during nova explosions or a
semi-analytic model of the temperature and density pro-
file time evolution [158,159] to explore nova nucleosynthe-
sis. These nuclear rate sensitivity studies are now super-
seded by post processing studies [160] of temperature and
density profiles, or even better using hydrodynamic sim-
ulations. Indeed, tests of the sensitivity to single reaction
rate variation have been done using the 1-D hydrocode
(SHIVA) [152] to evaluate the impact of nuclear uncer-
tainties in the hot-pp chain [161], the hot-CNO cycle [162],
the Na-Mg-Al [163] and Si-Ar [164] regions. In this way,
the temperature and density profiles, their time evolution,
and the effect of convection time scale were taken into ac-
count. Because of the much longer computational time in-
volved compared to BBN, no systematic sensitivity study
has been performed so far with 1-D hydrocode. Multidi-
mensional hydrodynamic simulations are being success-
fully developed [165] but require drastically more com-
putational power. To partially circumvent these limita-
tions, a systematic sensitivity study has been done using
time-dependent temperature and density profiles from 1-
D hydrocode and post-processing nucleosynthesis calcula-
tions [160]. Following these sensitivity studies, the nuclear
reaction rates whose uncertainties strongly affect the nova
nucleosynthesis have been identified. We summarize below
some of these results, emphasizing those which motivated
nuclear physics experiments that we describe in sects. 4.1
and 4.2.

The hot-CNO cycle deserves special attention as it
is the main source of energy for both CO and ONe no-
vae and is the source for the production of '3C, '°N,
170 (galactic chemical evolution) and 'F (gamma-ray
astronomy). The positrons produced in the 3% decay of
I8F annihilate and are the dominant source of gamma
rays during the first hours of a nova explosion [166].
Through a series of hydrodynamical calculations, using
available [26] or evaluated upper and lower limits of re-
action rates, major nuclear uncertainties on the produc-
tion of 17O and ®F were pointed out [162]. They cor-
respond to the 8F(p, )0, 7O(p, )N, 17O(p,7)¥F
and ®F(p,v)!”Ne reaction rates, in decreasing order of
importance. The 7O(p,v)®F reaction leads to the for-
mation of '®F from the 'O seed nuclei through the
0(p,1)'F(BT)TO(p,7)'*F chain while "F(p,a)'°0
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and 7O(p, )N divert the flow reducing both the ¥F
and 70 yields. The proton capture reaction cross sections
on 'O can nowadays be considered known to sufficient
precision at nova energies, in particular thanks to the de-
cisive breakthrough made in Orsay and TUNL (sect. 4.2).
On the contrary, those involving the radioactive 8F still
suffer from significant uncertainties associated with the
9Ne spectroscopy (sect. 4.1). Even though some nuclear
reaction rates are still uncertain, leaks from the CNO cy-
cle are negligible at novae temperatures. In particular, ex-
perimental data on the °0O(a,v)!"Ne and “Ne(p,v)?°Ne
reactions rates [16], are now sufficiently known to rule out
any significant nuclear flow out of the CNO cycle. Hence,
production of heavier elements depends on the presence
of 20722Ne, 23Na, 24726Mg and 27 Al in ONe white dwarfs.

The decay of 22Na (r12 = 2.6y) is followed by
the emission of a 1.275MeV ~-ray. Observations of this
gamma-ray emission have only provided upper limits
that are compatible with model predictions. In ONe
novae, 2?Na comes from the transmutation of 2°Ne,
starting by the 2°Ne(p,v)?'Na reaction. Important re-
actions were identified [163,160] to be 2!Na(p,~v)??Mg
and 22Na(p, v)**Mg, while photodisintegration of *2Mg
that is important at nova temperatures, prevents further
processing.

The ground state of 26 Al decays to 2Mg, which emits
a 1.809 MeV gamma ray. Due to its long lifetime of 7 /5 =
0.717My, it can accumulate in the galaxy. Production
of 26Al by novae (and AGB stars) is now considered to
be subdominant compared to sites such as massive stars
(Wolf-Rayet phase and core-collapse supernovae). How-
ever, it is important as its gamma ray emission has been
observed by different satellites (sect. 3.1.2). For novae, the
major nuclear uncertainties affecting its production were
identified to be the 25Al(p,v)?6Si and 262 Al(p, v)?7Si re-
actions [163,160]. The 25Si isotope can either decay to the
short lived 228 keV isomeric level of 26Al or be destroyed
by subsequent proton capture. In either case, it bypasses
the long lived ground state of 26 Al. (At nova temperatures,
the isomer and ground state in 26Al have to be considered
as separate species [167].)

No significant amount of elements beyond aluminum
are normally found in the composition of white dwarfs.
The production of “heavy elements”, i.e. from silicon to
argon, rely on the nuclear flow out of the Mg-Al region
through 28Si and subsequently through 3°P, whose rela-
tively long lifetime (7,2 = 2.5m) can halt the flow unless
the 39P(p,~)3!S reaction is fast enough [164]. This reac-
tion is also important to calculate the silicon isotopic ra-
tios. The results can be compared to the values measured
for some presolar grains that may have a nova origin [155].

This series of 1-D hydrodynamical calculations,
followed by post-processing works (see Parikh, José and
Sala [154], for a review), have led to the identification of
reactions (in particular 17O(p,v)®F, 7O(p, )N,
¥F(p, )10, *INa(p, v)**Mg, *2Na(p, v)*Mg,
B Al(p,v)?%Si and 3°P(p,~)3'S), that deserved fur-
ther experimental efforts. Much progress has been made
(e.g. sect. 4.2) but work is still needed concerning the
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Table 1. Abundance sensitivity [168]:
CMB deduced baryonic density.

0logY/0log(ov) at

Reaction ‘He D 3He "Li
nep -0.73 042 015 040
H(n,~)*H 0.005  —0.20  0.08 1.33
*H(p,v)*He < 0.001 -0.32 0.37 057
*H(d,n)*He  0.006 —0.54 021  0.69
2H(d, p)*H 0.005  —0.46 —0.26 0.05
3H(d,n)*He < 0.001 0 -0.01 —0.02
3H(o,7)'Li < 0.001 0 0 0.03
3He(n,p)®H < 0.001 0.02 —0.17 —0.27
SHe(d,p)*He < 0.001 0.01 —0.75 —0.75
%He(a,v)"Be < 0.001 0 0 0.97
"Li(p,@)*He < 0.001 0 0 —0.05
"Be(n,p)’Li < 0.001 0 0 —0.71

B (p, )0 (sect. 4.1), 25Al(p,~)?°Si and 3°P(p,~)3'S

reactions®.

3.2.2 Big bang nucleosynthesis

It is interesting to discuss sensitivity studies in the context
of big bang nucleosynthesis (BBN). Not because it is the
first nucleosynthetic process to take place but because, in
its standard version, all parameters of the model are fixed
and the thermodynamic conditions (density and temper-
atures) can be calculated exactly from known “textbook”
physics. In particular, compared to stellar nucleosynthe-
sis, there are no complications like stratification, mixing
by convection or diffusion, and most reaction cross sec-
tions can be measured directly at the required energy, and
are not affected by electron screening. Furthemore, even
with the largest network, computing time is of the order
of a fraction of a second, allowing extensive Monte Carlo
calculations.

Table 1 lists the 12 main reactions for BBN up to 7Li.
They are also shown in fig. 10. The table also displays the
sensitivity of the calculated abundances, (Y;, with i = “He,
D, 3He and "Li) with respect to a change in the 12 reac-
tion rates by a constant arbitrary factor (1.15), defined as
0logY/0log(ov) [168] (see also refs. [169,170]). It shows
that some of these reactions (e.g. H(e,v)"Li) are not im-
portant anymore because at CMB deduced baryonic den-
sity, “Li is produced through “Be that decays to “Li after
the end of BBN. Naturally, "Be yield is sensitive to the
3He(a, ) "Be (production) and “Be(n, p)"Li (destruction)
reaction rates, but unexpectedly, the highest sensitivity
is to the 'H(n,~)?H rate! This is a first example of the
usefulness of sensitivity studies to identify influential re-
actions, otherwise unexpected. We will not discuss any

5 Following the “Classical Novae in the Cosmos”, Nuclei in
the Cosmos XIII satellite workshop held in ATOMKI, Debre-
cen, a Focus Point of The European Physical Journal Plus will
be devoted to the evaluation of the *°P(p,y)*'S reaction rate.
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(o,m) (o)

Fig. 10. (Color online) Nuclear network of the most impor-
tant reactions in BBN, up to’Li (blue), including ®Li (green),
B (light blue), °Be (pink) and up to CNO (black and
red). The red arrows represents the newly found reactions that
could affect CNO production. The yellow arrows indicate the
"Be(d, p)2« and "Be+*He reactions that were considered as
possible extra "Be destruction mechanisms.

further the uncertainties associated with these main re-
actions, as they are small and cannot, for sure, solve the
lithium problem. We just point out that if the new obser-
vations of deuterium are confirmed, high precision (~ 1%)
will be required on the main cross sections involved in deu-
terium destruction [171]. The most recent measurements
concerning these cross sections have been done directly
at LUNA (?H(p,v)*He) [21] and TUNL (?H(d,n)*He and
2H(d,p)*H) [172]. These latter were very recently, deter-
mined using the Trojan Horse Method [173] and theoret-
ically through ab initio calculations [174].

The reactions in table 1 represent the near minimum
network needed for BBN calculations up to “Li. It is inter-
esting to extend it to incorporate a priori negligible reac-
tions, but whose rates may not be firmly established, and
reactions involved in the production of sub-dominant iso-
topes. Systematic sensitivity studies have been performed
by varying one rate at a time by given factors to search for
a solution to the lithium problem, and the path for °Li,
9Be, "B and CNO nucleosynthesis. For instance, it was
found [175,176] that the most promising reaction for 7Li
("Be) destruction was "Be(d, p)2a, and to a lesser extent
"Be+3He channels, whose rates were unknown at BBN
energy. It triggered several experimental and theoretical
studies (see sect. 5.2.2). The most influential reaction for
the production [177,178] of sub-dominant isotopes (°Li to
CNO), displayed in fig. 10, were obtained in the same
way. Surprisingly, it was found in that study that the
"Li(d,n)2*He reaction rate has no impact on "Li nor D
final abundance but does influence the CNO (12C) final
one! The explanation is that even though the “Li final
abundance is left unchanged, the "Li abundance reaches a
peak value at ¢ ~ 200s (fig. 15 in ref. [178]), before being
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destroyed efficiently by the “Li(p, a)*He reaction. The ef-
fect of an increased “Li(d, n)2*He reaction rate is to lower
this peak value, with as a consequence, a reduced feeding
of the chains of reactions 7Li(n,)®Li(a,n)*'B followed
by d or n captures on ''B that lead to CNO isotopes.
(Note however that the uncertainty on the "Li(d,n)2*He
reaction rate [179] is small enough not to influence CNO
production.)

It has recently been recognized that traditional sensi-
tivity studies, in which only one reaction is varied while
the others are held constant as discussed above cannot
properly address all the important correlations between
rate uncertainties and nucleosynthetic predictions. Sensi-
tivity studies can be improved by performing Monte Carlo
calculation, and searching for such correlations [148]. To
start with, we follow the prescription of [55]. Namely the
reaction rates xy = Na{ov)g, (with k being the index of
the reaction), are assumed to follow a lognormal distribu-
tion:

24(T) = exp (uy(T) + prow(T)), (14)
where py, is sampled according to a normal distribution of
mean 0 and variance 1 (eq. (22) of [55]). ux and oy, deter-
mine the location of the distribution and its width which
are tabulated as a function of T'. First, by taking the quan-
tiles of the Monte Carlo calculated distributions of final
isotopic abundances one obtains, not only their median
values but also the associated confidence interval. Second,
the (Pearson’s) correlation coefficient (e.g. in ref. [180])
between isotopic abundance y; and reaction rate random
enhancement factors (py in eq. (14)) can be calculated as

o Cov(y;, pr)
Jk = :
v/ Var(y;) Var(pk)

[lustrative examples are given in figs. 11 and 12. They re-
fer to %Li, whose nucleosynthesis is simple: it is produced
by D(a,v)Li (sect. 5.1.1) and destroyed by °Li(p, a)*He
(fig. 10), other reaction playing a negligible role (e.g.
ref. [239]). Hence, as anticipated, the correlation coeffi-
cient is Cep p(a,y)e1i = 1 for the production reaction and
CsLi,T(a,n)sLi ~ 0 for a reaction of negligible contribution

(15)

to SLi production. More interesting examples are shown
in fig. 12: a weak [anti-]correlation (C ~ [—0.25] + 0.20)
between the CNO/H and [1“Be(p, a)®Li] 8Li(t,n)'Be re-
action rates. These two (among a total of 6, all related to
10Be) were not previously identified in simple sensitivity
studies [178]. For this chain of reactions pivoting around
10Be to be efficient, higher rates for '°Be producing reac-
tions, in conjunction with lower rates for 1YBe destruction
reactions, are needed. This finding could not be obtained
when varying one reaction at a time.

Finally, after considering all, 2 combinations of high
and low rates, four previously overlooked reactions are
found to be important (in red in fig. 10) and could lead
to a significant increase of CNO production in BBN [74].

Last, but not least, Monte Carlo calculations al-
low extracting confidence limits from the distribution of
calculated abundances values. For instance, fig. 13 dis-
plays the distribution of CNO/H values that allows to ex-
tract a 68% confidence interval of CNO/H = (0.96™§37) x
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Fig. 11. Scatter plots of °Li yields versus random enhance-
ment factors applied to reaction rates in the context of
BBN showing no (Csy; r(amst; ~ 0, top panel) or strong
(Cs1i,D(a,y)61i = 1, bottom panel) correlation to, respectively,
T(a,n)°Li and D(c, v)°Li reactions (data from ref. [74]).

10715 [74,75], essentially related to the reactions that were
identified and whose rates were re-evaluated [178]. How-
ever, the right tail of the distribution, extends to val-
ues way off the above interval: this is the effect of the
newly identified reactions, from the analysis of correla-
tions, when their rates happen to be simultaneously and
favorably changed in the Monte Carlo sampling.

In conclusion, we have seen that, in BBN, systematic
sensitivity studies, changing one reaction rate at a time,
can detect important reactions that have unexpected ef-
fects. For instance, the 1H(n, v)?H reaction affects "Li pro-
duction. On the contrary, while the “Li(d, n)2%He reaction
does not influence the "Li or *He abundances, it affects 12C
production. The analyses of correlations between abun-
dances and reaction rates, obtained by Monte Carlo cal-
culations, can allow discovering other essential reactions.
Obviously, BBN is a favorable candidate for such stud-
ies as the standard model has no more free parameters
and calculations are fast, but it would be desirable to ex-
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Fig. 12. Scatter plots of CNO/H yields versus random en-
hancement factors (px) applied to reaction rates showing weak
correlation with respectively ®Li(t,n)'°Be (top panel) and
0Be(p, )OLi (bottom panel) reactions (data from ref. [74]).
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Fig. 13. CNO/H distribution as a result of a Monte Carlo
calculation sampling &~ 400 reaction rates. About 2% of the
events lie to the right of the vertical line that corresponds to
the minimum value that can affect the evolution of some first
stars (data from ref. [74]).
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tend these kind of analyses to other nucleosynthesis sites.
Besides BBN, Monte Carlo sensitivity studies have been
essentially achieved for X-ray bursts [148], but with only
minor differences with simpler analyses, and for novae in
a pioneering study [181]. Tt is likely, that such studies will
require the development of new tools, to identify corre-
lations between abundances and rates beyond the simple
calculation of correlation coefficients. Figure 6 in ref. [54]
(a review on statistical methods in nuclear astrophysics)
display a few illustrative examples.

4 Direct measurements

One of the main characteristics of the nuclear reactions
involved in primordial and stellar nucleosynthesis is the
low energy where they occur (between a few keV to a few
MeV). When they involve charged particles, because of
the Coulomb barrier effect (sect. 2.1), the cross sections,
can be very small, ranging from hundreds of pico-barn
to femto-barn. These features make the direct measure-
ments at stellar energies very challenging since the ex-
pected count rates decrease dramatically with decreasing
energy. For such measurements, it is necessary to use high
beam currents together with targets that can withstand
them.

For some reactions, the expected experimental yields
are so small that measurements become hopeless unless
the background produced by the environment and the
beam can be reduced to acceptable levels. Consequently,
progress in direct measurements comes essentially from
underground laboratories, e.g., LUNA [19]. Exceptions to
this are in the domain of explosive burning (e.g. novae),
where the cross sections are much larger, but often require
radioactive ion beams [182] of adapted nature, energy and
intensity. As examples for such challenging experiments,
we describe in the following recent results that were ob-
tained in "O(p, ), 7O(p,7) and ¥F(p,a)'®O studies.
The ¥F(p, )0 measurements require a 8F radioactive
beam, only available since the mid-90’s. The importance
of the '"O(p, a) and "O(p, ) cross sections for novae was
overlooked, before sensitivity studies were made.

4.1 The 8F+4p reactions

Due to the unknown contributions of low energy reso-
nances, the ¥F(p, a)!%0 reaction was recognized as the
main source of uncertainty for the production of ®F in
novae (sect. 3.2.1). The source of uncertainties comes from
the poorly known spectroscopy of the '“Ne compound nu-
cleus, as compared to its mirror '°F displaying a high-level
density, that makes the identification of analog states chal-
lenging [183,184]. Only two resonances have their prop-
erties (strength, partial widths, spin and parity) unam-
biguously determined by direct measurements [185-187],
at LLN and ORNL. They are located at E, = 330keV
(J™ = 3/27) and 665keV (J™ = 3/2%). In spite of
its high energy, the second resonance plays an impor-
tant role due to its large width (44keV), so that its tail
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gives a significant contribution in the range of interest
for novae (50-350keV). Possible interferences with other
3/27 lower lying resonances remain a major source of un-
certainty. It is hence, extremely important to determine
whether they are constructive or destructive by direct off-
resonance measurements [187-190] performed at energies
down to 250 keV, and compared to R-matrix calculations.
The comparison with the spectrum in '"F suggests that
several levels are missing in the 1%Ne spectrum [184], while
spins and parities of the observed levels are still a matter
of debate [183,191-193]. In particular, it is essential to
identify the low-energy 3/2% resonances that can inter-
fere with the 665 keV one [189,188]; this issue is not yet
settled.

Rather than discussing the important but complicated
spectroscopy of levels close to threshold, we will concen-
trate here on two levels of interest that were first pre-
dicted by theory, then possibly experimentally confirmed.
These are two 1/2% (¢ = 0) broad levels, predicted by
microscopic [194] calculations, one at ~ 1MeV above
threshold and the other below. If they exist they would
lead to a significant contribution in the relevant energy
range, especially the lowest energy one, above the thresh-
old. Indeed, experiments performed at LLN [195] and
GANIL [196] support the presence of such a broad state at
E, = 1.3MeV, motivating the search for its subthreshold
predicted counterpart.

Direct measurements of *F(p, )'®O and ¥F(p, p)'®F
cross sections were carried out at the GANIL-SPIRAL fa-
cility [196]. The ®F radioactive ions were produced by
bombarding a thick carbon target by a 95MeV - A pri-
mary beam of 2°Ne. The '8F ions were then ionized in an
ECR ion source and postaccelerated with the CIME cy-
clotron to an energy of 3.924 MeV - A. The obtained beam
intensity was about 2 x 10* pps. The ®F beam was de-
graded to an energy of 1.7MeV - A using a 5.5 + 0.3 um
gold foil and then sent to a CHy polymer target of
55 £+ 4 um thickness. This thickness was enough to stop
the beam and allow the light ions to escape. The emit-
ted protons and « particles from the 8F(p,p)!®F and
18F (p, a)150 reactions, respectively, as well as the emitted
12C ions from BF(12C,12C)8F scattering reaction were
detected in a 50 mm x 50 mm double-sided silicon detec-
tor located downstream of the target. The identification
of the different emitted particles was achieved thanks to
the energy versus time-of-flight measurement [196].

The measured excitation functions in center of mass
energy for the *®F(p, a)'%0 and ¥F(p, p)!8F reactions are
displayed in fig. 14. Several resonant structures are ob-
served and the most important one, at 655keV, belongs
to the well known 7076keV J™ = 3/2F state in !“Ne.
Seven resonances in total were identified and their param-
eters were deduced from a y? minimization R-matrix fit of
the measured excitation functions of both the ¥F(p, p)!*F
and '8F(p, )0 reactions [196]. An overall agreement
was found between the derived parameters and associated
error bars of the populated states in °Ne and those de-
duced in previous measurements. Details of the analysis,
error bars estimation and comparison of the obtained res-
onance parameters with previous results are given in [196].
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Fig. 14. Differential cross sections of '8F(p,p)'®F and
18 (p, a)'50 reactions as a function of center-of-mass energy.
The curves represent R-matrix calculations, with (in dashed
green) the contribution of the 1/2% broad level. (Reprinted
figure with permission from D. J. Mountford, A. St J. Murphy,
et al., Phys. Rev. C 85 022801(R) (2012) [196]. Copyright 2012
by the American Physical Society.)

The strong structure observed in fig. 14 at FE.,, =
1.2-1.4MeV is well described by the two previously ob-
served states at 7624keV J™ = 3/27 and 7748keV JT =
3/2% of ¥Ne when including an additional broad reso-
nance at F. ., = 1455keV displayed as the dashed green
line in fig. 14. Without this state, the R-matrix fit of the
whole data is substantially worse and the deduced param-
eters for other populated resonances deviate considerably
from literature values. With the inclusion of the broad res-
onance, the best fit to the data corresponds to J™ = 1/2%
state at an excitation energy of 7870+40 keV with a partial
proton width of 55+12keV and an a-partial width of 347+
92keV. These results are in agreement with observed state
in [195] and the predicted state by Dufour and Descouve-
mont [194]. Hence, the presence of this broad state above
the threshold in the measured data supports the predic-
tion by Dufour and Descouvemont [194] of an additional
subthreshold broad state. The latter can contribute sub-
stantially at novae temperatures, enhancing thus the rate
of 18F destruction. This will lead to less 8F in nova ejecta
and consequently to a reduced detectability distance.

This reaction, with the unsettled questions of the "*Ne
level scheme around the ¥F+p threshold and interferences
is still the subject of intense experimental investigation.
Note also that it was one of the first to be investigated
by transfer reaction (sect. 5.1.2) with a radioactive ion
beam [197,192].



Eur. Phys. J. A (2015) 51: 34
4.2 The "O+p reactions

The 7O(p, a)™N and 7O(p,~)'®F reactions were also
identified as sources of uncertainties for the production
of F and 'O in explosive hydrogen burning (novae
sect. 3.2.1) and oxygen isotopic ratios following hydro-
static hydrogen burning (e.g. red giant stars).

At low energy, in hydrostatic hydrogen burning, it is
the 65keV resonance which is important. Its strength, in
the (p,«) channel, wy = 4.7 + 0.8neV [198], was first di-
rectly measured at TUNL by Blackmon et al. [199]. Due to
the limited signal statistics and high background, a more
elaborate statistical analysis was performed [198] that led
to the value quoted above. Preliminary results from a di-
rect LUNA measurement [200] confirms this result. Note
that this resonance has been also investigated by indirect
techniques, previously by DWBA in Orsay [201] and later
with the Trojan Horse Method in Catania [202], with re-
sults in agreement with the direct measurements.

Before decisive progress was made in Orsay and LENA,
the uncertainty on these rates at explosive hydrogen burn-
ing temperatures came from the resonance, at that time
unobserved, around 190keV. This introduced an addi-
tional factor of ~ 10 uncertainty on the production of
I8F [162]. The NACRE rates were based on experimen-
tal data for this resonance which were found to be in-
accurate (energy and total width). These inaccuracies
were discovered during experiments that were performed
at the PAPAP (Orsay) [203], CENBG (Bordeaux) and
LENA (North Carolina) small accelerators. A decisive re-
sult was obtained from a DSAM experiment performed
at the 4MV Van de Graaff accelerator of the CENBG
laboratory using *N(a,v)*®0 to feed the corresponding
level in 80. They found i) that the upper limit for its
lifetime < 2.6fs [204] was much smaller than the value
(15 £ 10fs [205]) previously assumed, and ii) that the
resonance energy needed to be re-evaluated to E}%b =
194.1 £ 0.6keV [204]. Measurement of the 7O(p,~)*F
and [206-208] and "O(p, a)'*N [204,208,209] resonance
strengths soon followed, both at Orsay and LENA.

In particular, experiments were conducted at the
electrostatic accelerator PAPAP [203] of the CSNSM
laboratory using the thick target yield direct technique
and the activation method [204,208]. The 7O(p,a)*N
measurement consisted in sending a proton beam of 60—
90 A intensity on a water-cooled 7O target implanted
in a thick 0.3mm Ta backing. The emitted a-particles
were detected with 4 silicon detectors of 3cm? active
area placed at 14cm from the target at four different
laboratory angles. The strength of the 7O(p,a)"N
resonance was determined relative to the well-known
resonance at Fl2? = 150.9keV in 80 (p, )N which was
also measured at the PAPAP accelerator. The obtained
value wype = 1.6 £ 0.2meV [204] was found to be well
above the upper limit (< 0.42meV [205]) used in the
NACRE evaluation [26]. This result was swiftly confirmed
by Moazen et al. [210] and Newton et al. [209]. The mea-
sured excitation functions in laboratory energy for the
new resonance at E%P = 194.1keV in the 7O(p, )N
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Fig. 15. Excitation functions for the new resonance at E&® =
194.1keV in the '"O(p, )" N reaction and the well-known
180(p, a)'®N resonance at EE® = 150.9keV. Data for the lat-
ter resonance were normalized and shifted in energy to be com-
pared with those obtained for "O(p, )N reaction.

reaction and the well-known *O(p, @)'®N resonance at
E}%b = 150.9keV are displayed in fig. 15.

The strength of the 17O(p, v)'®F resonance at E5*" =
194.1keV was obtained from activation measurements
performed on two 7O targets irradiated at two proton
incident energies E, = 196.5keV (on resonance) and
E, = 192.7keV (off resonance). The S* activity of the
produced '®F was measured with two Ge detectors placed
on opposite sides to detect in coincidence the two 511 keV
~-rays coming from positron-electron annihilation. The to-
tal number of 'F nuclei produced at high beam energy
was found of about one order of magnitude larger than
at 192.7keV. This is most probably due to the excitation
of the 17O(p, ) F resonance at E'> = 194.1keV while
the '8F production at E, = 192.7keV is due to interfer-
ence between the direct capture (DC) process and the low-
energy tail of the studied resonance. To extract the reso-
nance strength at EjP = 194.1keV, a small contribution
coming from the DC process (4.3 £ 2.2)% [208] was sub-
tracted from the '8F total production at E, = 196.5keV
and a small correction (4 £+ 2)% taking into account of
a possible backscattering of '®F from the target was also
applied. From the weighted mean of the (p,a) and (p,y)
measurements at I, = 196.5keV, a value of 717 & 60 was
obtained for wypa /wypy. The resulting resonance strength
WYpy = 2.240.4 peV [208] was found to be about a factor
two larger than the value measured by Fox et al. [206]:
wWYypy = 1.2£0.2 peV.

After these measurements, performed almost simulta-
neously at LENA [206,207] and in Orsay [204,208], sub-
sequent experiments have confirmed and improved these
results (see [16] and references therein) and [211-214].
In particular, the inconsistency on the strength between
LENA and Orsay experiments has now been solved thanks
to the high precision measurement made at LUNA [211]
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(wypy = 1.67 £ 0.12 pueV). Indeed, thanks to the strong
reduction of the background induced by cosmic rays, the
sensitivity in LUNA was greatly improved allowing the ob-
servation of several additional y-ray transitions, contrary
to previous works where only two primary transitions
could be observed, which according to LUNA’s work yield
about 65% of the total strength. This explains the fact
that the Fox et al. [206] result for the strength of the reso-
nance at Ecy = 183 keV is 28% lower than LUNA’s and in
disagreement with the Chafa et al. [208] result even when
considering the large error bars of the latter. Concerning
the direct capture component, the results obtained with
DRAGON in TRIUMF [213], Spc = 5.3 £0.8keV-b, and
in Notre-Dame [212], Spc = 4.9+ 1.1keV-b were found to
be higher than Fox et al. [206] (Spc = 3.74 + 1.68keV.b)
probably due to non-observed transitions in [206] and
hence to low evaluation of the resonances strengths at
FEcy = 557keV and 677keV. They are also in good agree-
ment with the precise value obtained by LUNA [214],
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Spc = 4.4 + 0.4keV b. The comparison to Chafa et al.
results is not conclusive due to the very large uncertainty
of the Spc evaluation, Spc = 6.2 £ 3.1keV b.
Thermonuclear rates of the 7O+p reactions were cal-
culated [16,211] using the present results by the Monte
Carlo technique [50]. The new calculated rates reduce the
previous uncertainties by order of magnitudes at temper-
atures between 0.1-0.4 GK. The new evaluated uncertain-
ties are reasonably small, in particular for the 7O(p, )
reaction rate which is now well established. Figures 16
and 17 display the evolution of the '"O+p rates since the
CF88 [53] and NACRE [26] compilations, until the last
evaluation [16,211], with the Orsay or LENA rates [206,
204,207,208]. They show that both rates are now known
with sufficiently good accuracy for nova applications.

5 Indirect methods

As mentioned above, direct measurements at stellar ener-
gies are very difficult and often impossible. Hence, direct
measurements are usually performed at higher energies
and then extrapolated down to stellar energies using R-
matrix calculations. However, these extrapolations are not
always free of problems. In some cases, they can even lead
to wrong results because they do not take into account the
contributions of a possible unseen low-energy resonance,
as in ?2Ne(a, n)?°Mg [215] or a possible sub-threshold res-
onance, like in 13C(a,n)°0 [216] and 2C(«, )10 [217].
The effect of these resonances may change the extrapo-
lated S-factor at astrophysical energies by a huge factor
(sometimes orders of magnitude). The other problem con-
cerning direct measurements is related to the radioactive
nature of the nuclei involved in reactions occurring in ex-
plosive sites (novae, supernovae, X-ray bursts, ...) and
those involved in (n,7y) radiative captures (in r-process and
sometimes in s-process). The intensities of the radioactive
beams are often low, rarely exceeding 10° to 10° pps while
for nuclei with relatively long half life, making targets with
enough atoms per cm? is very difficult. Hence the direct
measurements of such reactions are very difficult and chal-
lenging and in case of r-process reactions it is currently
impossible. To bypass these difficulties (sub-threshold res-
onances, radioactive nuclei, ...) indirect methods such
as transfer reactions [218], Coulomb dissociation [219],
ANC method [220] and Trojan Horse Method [221-223]
are good alternatives (see [224] for a general review on
indirect methods). In these methods, the experiments are
usually performed at high energies implying higher cross
sections and the conditions are relatively less stringent
than in direct measurements (target thickness and compo-
sition, high background, ... ). However, these methods are
model dependent. They depend on the uncertainties rela-
tive to the different parameters used in the model. Hence,
there are two sources of errors, experimental and theo-
retical. But the global uncertainty on the measured cross
section can be reduced by combining different methods.

In this review, we will focus mainly on the Coulomb
dissociation and transfer reaction methods.



Eur. Phys. J. A (2015) 51: 34

5.1 Theoretical methods
5.1.1 Coulomb dissociation method

Coulomb dissociation can be considered as the equiva-
lent of the inverse process of radiative capture, photo-
disintegration. These two last reactions are related by the
detailed balance theorem through the following equation:

(2Ja+1)(2J, +1) K2,

1
2(2JB + 1) k,zy ’ ( 6)

Uphoto/acapture =

where ke is the wave number associated to A+ z and &,
is the wave number associated to the photon.

In most cases, the wave length of the photon is larger
than the one of the A+ system. Hence, the ratio kem /&
is always larger than 1. This implies a photo-disintegration
cross section much larger than the one of the radiative
capture reaction of interest.

The Coulomb dissociation (CD) method involves im-
pinging a high energy nuclei beam on a high-Z target, e.g.
lead. The interaction of the high velocity incident nuclei
with the intense Coulomb field of the lead target allows for
virtual excitations in the form of virtual photons. These
photons are absorbed by the incident nuclei, which then
disintegrate into two fragments. If we assume that the ex-
citation of the projectile is purely electromagnetic, then
the Coulomb dissociation cross section is related to the
photodissociation cross section via

d?o 1 dnz, A photo
- : . oar
d02dE,q Ere1+Q; do 7 a7)

where dn, »/df2 is the virtual photon flux for the different
multipolarities.

By knowing precisely the number of created virtual
photons and measuring the Coulomb dissociation cross
section (by detecting in coincidence the two emitted frag-
ments), one can experimentally deduce the photodissoci-
ation cross section. Since the cross section for the capture
process and the (time-reversed) process are related by the
theorem of detailed balance, one can deduce the radiative
capture cross section of interest.

The first interest of the method is the amplification
coming from the important number of created virtual pho-
tons which leads to a high Coulomb dissociation cross sec-
tion. The second interest of the method comes from the
use of high energy beam which implies on one hand the
use of thick targets and on the other hand a forward focus
of the fragments leading to a better detection efficiency.

However, this method has also drawbacks. The most
important ones come from the simultaneous contribu-
tions of F1, M1 and FE2 multi-polarities to the vir-
tual photon spectrum which may contribute differently
to the Coulomb dissociation cross section and the ra-
diative capture one, the possible interference with the
nuclear breakup and the possible post-acceleration ef-
fects. All these effects should be taken into account in
the analysis of breakup experiments. This method was
used in the study of various reactions of astrophysical
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interest, 2C(a, )0 [225,226], 11C(p,~)'?N [227,228],
3N(p,v)10 [229], "Be(p,7)®B (see [230] and references
therein) and D(«,v)%Li [78,241].

5.1.2 Transfer reaction method

The transfer method where one or many nucleons are ex-
changed between the target and projectile is often used in
nuclear structure to determine the energy position, spin
and the orbital occupancy of various nuclei. It is also used
in nuclear astrophysics to study the partial decay widths
of nuclear states involved in resonant reactions.

To study a resonant reaction x + A — C* — B+ y
and measure the partial decay width I, of the state of
interest in C* into the entrance channel, one can populate
the excited states of C by transferring the light particle
x (fig. 18) which can be a nucleon or a cluster of nucleons
from the nucleus X to the nucleus A. This will feed the
valence states of the final nucleus C', hopefully with no
perturbation of the core, which is why it is called one step
direct transfer reaction. The other part of the projectile
b will continue its movement and will be detected. By
measuring the emitted angle and energy of the particle
b, one can deduce the energy of the excited state that
was populated in C from kinematics and by comparing
the shape of the measured angular distributions to those
predicted by the distorted Born approximation theory
(DWBA), one can deduce the angular orbital momentum
[ of the populated state.

The theoretical direct transfer cross section is calcu-
lated using the DWBA formalism and it is given by the
following matrix element:

do
(57) xS eV WP, (8)
DWBA

where x; ¢ are the distorted wave functions of the ini-
tial and final states, V' is the transition transfer operator,
IS, (ry) is the overlap function of the final bound state
C formed by A+ x and I;X (1) is the overlap function of
the bound state X formed by b + z.

The radial part of these last functions is given by the
following product:

Igy(rﬁv) = 51/290,%(7'67% (19)
where S is the spectroscopic factor, ¢g,(r) is the radial
wave function of the bound state C' or X with « being
the final bound state C' or the bound state X, 8 being the
transferred particle z and 7 being A or b, respectively.
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The spectroscopic factor of the different populated
states in C' expresses the overlap probability between the
wave functions of the entrance channel A+ x and the final
state C. It can be extracted from the ratio of the measured
differential cross section to the one calculated by DWBA:

do ) do
) =88 () .
(dQ exp dg2 DWBA

One can see in the latter formula that there are two
spectroscopic factors, S, for the final bound state of in-
terest in the exit channel and S for the bound state in
the entrance channel. Hence, by knowing one of the spec-
troscopic factors it is possible to extract the other one.
Once the spectroscopic factor of the state of interest is ex-
tracted, one can then determine the reduced decay width
using the following formula [231]:

» IR
where ¢(R) is the radial wave function of the bound state
C formed by A+z, calculated at a channel radius R where

©(R) has its asymptotic behavior. The partial decay width
I, is then given by [232]

(20)

Sal(R)I%, (21)

(22)

where P, is the Coulomb and centrifugal barrier penetra-
bility (eq. (5)).

The transfer DWBA differential cross section calcu-
lations depend on the optical potential parameters de-
scribing the wave functions of relative motion in the en-
trance and exit channels and on the potential well param-
eters describing the interaction of the transferred particle
with the core in the final nucleus. If the transfer reaction
is performed at sub-Coulomb energies, then the depen-
dence on the DWBA calculations on the potential param-
eters is greatly reduced. This particular case of transfer
reactions is called Asymptotic Normalization Coefficient
(ANC) method. This method relies on the peripheral na-
ture of the reaction process that makes the calculations
free from the geometrical parameters (radius, diffusivity)
of the binding potential of the nucleus of interest and
less sensitive to the entrance and exit channel potentials.
The ANC method was extensively used for direct proton-
capture reactions of astrophysical interest where the bind-
ing energy of the captured charged particle is low [233]
and for reactions where the capture occurs through loose
subthreshold resonance states [234-236].

Note that one can also extract from the usual transfer
reaction, the ANC describing the amplitude of the tail
of the radial overlap function at radii beyond the nuclear
interaction radius (r > Ry), via the expression [220]

2 2

W2(kR)’ (23)

where W is the Whittaker function, describing the asymp-
totic behavior of the loosly bound-state wave function.
But in this case, the ANC is dependent on the well-
potential parameters.
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5.2 Experimental examples
5.2.1 Study of D(a,)°Li through SLi high-energy breakup

One of the most puzzling questions discussed these last
ten years in the astrophysics community is related to the
origin of the observed °Li in very old halo stars [77]. In-
deed, as it was mentioned in sect. 3.1.1, the abundance
plateau of the observed °Li was found to be unexpect-
edly high compared to the 5Li BBN predictions. Hence,
many scenarios were proposed to solve this puzzle; e.g.
the pre-galactic production of °Li [237], or production of
SLi by late decays of relic particles [238]. Before seek-
ing exotic solutions to the lithium problem, however, it
was important to improve the standard BBN calcula-
tions by considering the key nuclear reactions involved in
the °Li formation. According to calculations of Vangioni-
Flam et al. [239], the most dramatic effect is observed
for D(a,7)%Li, whose huge uncertainty of about a factor
10 [26] on the cross section at the energies of astrophys-
ical interest (50keV < FE., < 400keV) induces an un-
certainty of a factor of ~ 20 on the primordial °Li abun-
dance. This uncertainty originates from the discrepancy
between the theoretical low-energy dependence of the S-
factor [240] and the only existing experimental data at
BBN energies [241] obtained with the Coulomb break-up
technique of SLi at 26 A MeV. Hence, a new precise mea-
surement of the cross section of the D(a,~)SLi reaction
was performed at GSI using Coulomb dissociation (CD)
of SLi at high energy 150 A MeV [78]. A 208Pb target with
a 200 mg/cm? thickness was bombarded by a primary SLi
beam of 150 A MeV energy.

The angles and positions as well as the energy losses of
the outgoing particles, D and *He, were measured by two
pairs of silicon strip detectors placed at distances of 15 and
30 cm, respectively, downstream from the target. Deuteron
and alpha momenta were analyzed with the Kaos spec-
trometer which has a large angular and momentum ac-
ceptance and were detected in two consecutive multi-wire
chambers followed by a plastic-scintillator wall made with
30 elements.

The opening angle #24 between the two fragments was
deduced from their position measurement in the DSSDs.
The deuteron and *He momenta, Py et Pay,, were de-
termined from their trajectories reconstructed by using
their measured positions in the SSDs and in the multi-wire
chambers behind Kaos spectrometer. From the measured
opening angle between the fragments and their momenta,
the relative energy FE\o between the deuteron and the «
particles in the c.m. system could be reconstructed. The
details of the experiment and analysis are given in [78].

A comparison of the results with the theoretical pre-
dictions convoluted by the experimental acceptance and
resolution was performed. The breakup calculations were
performed with CDXSP code [78] where Coulomb and nu-
clear contributions are considered. These new CDXSP cal-
culations of S. Typel show a dominant nuclear contribu-
tion to the °Li breakup [78] contrary to Shyam et al. pre-
dictions [242]. In fig. 19, is displayed the angular distribu-
tion of the excited SLi* after reaction which is, according
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Fig. 19. Angular distribution of the excited °Li* after reac-
tion summed over Fye values up to 1.5 MeV. The experimental
data are compared to the simulation results where is consid-
ered a pure nuclear contribution (blue curve), a pure Coulomb
contribution (green curve) and an interference between the two
(red curve). The simulated count number is normlaized to the
experimental one.

to CDXSP calculations, the observable most sensitive to
the reaction mechanism. The black points depict the mea-
sured 0 angular distributions and the histograms, the pre-
dicted ones convoluted by the experimental acceptance us-
ing GEANT simulations for pure Coulomb (CD) and pure
nuclear interactions as well as combined (CD+nuclear) in-
teraction. In this figure, the calculation which reproduces
the best the observed structures in the experimental data
is the one where the interferences between the Coulomb
contribution and the nuclear one is taken into account
(red curve). This shows, clearly, that the Coulomb-nuclear
interference is at play and the interference sign considered
is correct.

Usually, in Coulomb dissociation experiments [230],
the astrophysical S-factors of the reaction of interest are
deduced by scaling the theoretical astrophysical S-factors
by the ratio of the measured to simulated differential
cross sections. In this experiment, the extraction of the S-
factors is not possible because of the interference between
the Coulomb and the nuclear components. Given that the
calculations of CDXSP model take well into account such
mechanisms and describe well the various measured ob-
servables in this experiment [78], one can then conclude
that the model is reliable as well as the calculated astro-
physical S-factors Soy of D(cr,7)Li used in it [78].

The astrophysical S-factors Sa4 of the E2 component
and total (E1 + E2) deduced in this work are displayed
in fig. 20 together with the previous CD data of Kiener et
al. [241], the direct data of Mohr et al. [243], Robertson
et al. [244], and the very recent LUNA [245] data. Note
that the E1 component considered in the calculation of
total So4 is not constrained by the GSI experimental data
which are sensitive only to the E2 component [78].

The good agreement between the GSI results for the
E2 component (red curve) and the direct measurements
is an indication of the relevance of the performed calcu-
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Fig. 20. Astrophysical S-factors S2s4 of the E2 and total
(E2+ E1) deduced from this work. Black points are data from
CD measurements of Kiener et al. [241], red points are those
coming from direct measurements [243,244] and blue points
are from LUNA [245].

lations and the quality of the experiment. Moreover, the
very good agreement observed between GSI total So4 fac-
tors and the latest direct data coming from LUNA [245]
experiment gives also strong confidence in the GSI calcu-
lated E1 component and so on the whole GSI data. GSI
results were found to be in agreement with various the-
oretical works [78] In fig. 20, one can see that Kiener et
al. [241] results are in disagreement with E2 GSI results.
This is due to the large contribution of the nuclear compo-
nent [78] which was not taken into account in the analysis
of Coulomb dissociation data at 26 A MeV.

A calculation of the new SLi reaction rate was per-
formed using GSI total Sy, factors and then introduced in
the BBN model of Coc et al. [175] to evaluate the primor-
dial °Li abundance as a function of the baryonic density
of the Universe. The obtained value [78] at the baryonic
density deduced from WMAP observations is 1000 times
less than the observations of Asplund et al. [77]. The re-
sults of this experiment [78], which reduce significantly the
uncertainties surrounding the cross section of D(a,v)°Li
reaction, exclude definitely the primordial origin of the ob-
served 9Li. This conclusion is supported by the very recent
observations of Lind et al. [79] which indicate an absence
of ®Li in the old halo galactic stars except in HD8493 star,
as it was mentioned in sect. 3.1.1.

5.2.2 Search of resonant states in 1°C and 1C and the “Li
problem

The main process for the production of the BBN 7Li
is the decay of “Be which is produced by the reaction
3He(*He,v)"Be, as it was mentioned in sect. 3.2.2. Di-
rect measurements of this reaction were performed by
several groups in order to improve its knowledge and no
satisfactory answer to the cosmological "Li problem was
achieved [246,14,22]. The same conclusion stands for the
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Fig. 21. Triton Bp spectrum measured at 6 = 10° (lab) in the
excitation energy region from 14 to 16.5 MeV. The excitation
energy (MeV) of 1°C levels are indicated as well as those of N
and '°F coming from a substantial >C and '®O contamination
of the target. The unlabeled peaks correspond to unidentified
heavy contamination.

main reaction which destroys "Be, “Be(p,n)"Li followed
by Li(p,@)a. These two reactions are well studied and
their cross section are known better than few percents ac-
cording to Descouvement et al. BBN compilation [247].

Moreover, many experimental attempts to explain the
"Li anomaly by studying other key nuclear reaction rates
such as "Be(d,p)?B [175,248] did not lead to successful
conclusions [249-251]. What about missing resonances in
other secondary reactions involving “Be or “Li not yet
studied? That is what was investigated recently by some
authors [254-256]. From their exploration of the potential
resonant destruction channels of both “Li and "Be via n, p,
d, 3He, t and *He, two candidates, besides the "Be+d case
already mentioned above, looked promising to solve par-
tially or totally the lithium problem. The two candidates
are a potentially existing resonant states close to 15 MeV
excitation energy in 1°C [254] and between 7.793 MeV and
7.893MeV in 1C [255,256] compound nuclei formed by
"Be + >He and "Be + *He, respectively.

A search of missing resonant states in 1C and ' C was
investigated through °B(®He,t)!°C and ''B(*He,t)!'C
charge-exchange reactions, respectively, [257]. The two
(®He,t) charge-exchange reactions were induced on
90 pg/cm? enriched B target and a 250 ug/cm? self-
supporting natural boron target, respectively, irradiated
by a 3He beam of 35 MeV energy delivered by the Tandem
accelerator of the Orsay Alto facility. The emitted reac-
tion products were detected at the focal plane of Split-Pole
spectrometer by a position-sensitive gas chamber, a AF
proportional gas-counter and a plastic scintillator. The tri-
tons coming from 'YB(*He, t)'°C were detected at four dif-
ferent angles in the laboratory system while those coming
from 1'B(*He, t)!1C were detected at two angles.

A Bp position spectrum of the tritons produced by the
reaction 1B(*He, t)'°C at },, = 10° is displayed in fig. 21
for the excitation energy region between 14 and 16.5 MeV
of astrophysical interest. The only isolated and well popu-
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Fig. 22. ""B(®*He, t)"'C Bp spectra measured at 6 = 7° (a)
and 10° (b) in the excitation energy region of interest close
to 8 MeV. Excitation energies of 'C levels are indicated. The
double arrow indicates the astrophysical region of interest.

lated peaks observed in the energy region of astrophysical
interest between 14.9 and 15.2 MeV belong to the unbound
states at 3.758 and 3.870 MeV excitation energy of F
coming from the contaminant 1O(3He, t) reaction.

A detailed study of the background in the region of
interest taking into account the width of an hypothetical
state, as well as its populating cross section lead to the
conclusion that any 1~ or 2~ state of °C in the excita-
tion energy region around 15 MeV should have very likely,
if present, a total width larger than 590 keV to escape de-
tection.

Concerning the 'B(3He, t)!!C measurements, spectra
obtained at 7° (lab) and 10° (lab) are shown in fig. 22
for the energy region of interest. One can see that all
the known states of ''C are well populated. On the other
hand, no new state of 1'C is observed in the excitation en-
ergy region between 7.499 and 8.104 MeV: the very small
observed peaks are due to statistical fluctuations [257].

Reaction rate calculations for the two only open chan-
nels, "Be(*He,*He)%Be and "Be(*He, 'H)’B, were per-
formed [257] assuming a 1~ state in the compound nucleus
10C having a total width equal to the lower limit deduced
from the Orsay work, 590keV, and 200keV in case the
differential charge-exchange cross section is three times
smaller than the expected minimum one. The calculated
rates were included in a BBN nucleosynthesis calculation
and were found to have no effect on the primordial “Li/H
abundance.

In conclusion, the results of the Orsay work exclude
the two reactions "Be + *He and "Be + *He as solution to
the cosmological “Li problem. If one takes into account
the conclusions of the experimental works [14,247,249—
251] concerning the other important reaction channels for
the synthesis and destruction of "Be and thus of “Li, the
results of the Orsay work exclude a nuclear solution to the
"Li problem. This does not exclude that sub-dominant
reactions may marginally affect the “Li production. For
instance, the "Be(n, a)*He channel is suppressed, with re-
spect to the "Be(n, p)Li one, due to parity conservation.
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Fig. 23. Experimental differential cross sections of the
BC("Li, t)”O reaction obtained at 28 and 34 MeV, compared
with finite-range DWBA calculations normalized to the data.

However, since the origin of its rate [252] is unclear, due to
the scarcity of experimental data [253], this reaction could
reduce the "Li/H ratio, but definitely, far from enough.

5.2.3 Study of *C(a,n)*®0 reaction via ("Li,t) transfer
reaction

Direct measurements at the astrophysical energy of inter-
est, Bem ~ 190keV, of 13C(a,n)!%0 reaction, the main
neutron source for the s-process in AGB stars of 1-3 so-
lar masses (see sect. 1.3), is extremely difficult because
the cross section decreases drastically when the incident
a energy decreases. Thus, direct measurements [258] have
only been performed down to 260keV too far away from
the energy range of interest. R-matrix extrapolations [259,
260] of the cross sections measured at higher energies
have then to be performed, including the contribution of
the 6.356 MeV, 1/2F, state of the compound nucleus 170,
which lies 3keV below the a+13C threshold. The contri-
bution of this sub-threshold state strongly depends on its
a-spectroscopic factor, S,. However, the results of pre-
vious studies of this contribution using (°Li,d) transfer
reaction [261,262] and ANC [235] measurements lead to
different conclusions.

A new investigation of the effect of the sub-threshold
resonance on the astrophysical S-factor was performed
through a determination of the alpha spectroscopic fac-
tor of the 6.356 MeV state using the transfer reaction
BBC("Li, t)170 at two different incident energies and an
improved DWBA analysis. The experiment [216] was per-
formed using a "Li** beam provided by the Orsay TAN-
DEM impinging on a self-supporting enriched '*C tar-
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tion with R-matrix calculations. The data points are taken
from refs. [258,267]. The contribution of the 6.356 MeV state
is shown as red curve. The thick black curve corresponds to the
recommended 72 values, and the thin black ones to the lower
and upper limits.
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get. The reaction products were analyzed with an Enge
Split-pole magnetic spectrometer and the tritons were de-
tected at angles ranging from 0 to 31 degrees in laboratory
system. The experimental 1*C(7Li, t)!7O differential cross
sections measured for the 6.356, 3.055, 4.55 and 7.38 MeV,
at the two incident energies of 34 and 28 MeV, are dis-
played in fig. 23 together with the Finite-range DWBA cal-
culations, using the FRESCO code [263]. The data points
displayed for the 3.055MeV state in the 34 MeV left col-
umn are from the measurements of ref. [264] at 35.5 MeV.

The a-spectroscopic factors were extracted from the
normalization of the finite-range DWBA curves to the ex-
perimental data. The good agreement between the DWBA
calculations and the measured differential cross sections of
the different excited states of 17O at the two bombarding
energies of 28 MeV and 34 MeV, respectively, gives strong
evidence of the direct nature of the (“Lit) reaction pop-
ulating these levels and confidence in the DWBA calcula-
tions. An S, mean value of 0.29 = 0.11 is deduced for the
sub-threshold state at 6.356 MeV in 17O, which is in good
agreement with that obtained by Keeley et al. [262] and
those used earlier (S, =~ 0.3-0.7) in the s-process models.
The uncertainty on the extracted a spectroscopic factor
for the state of interest (6.356 MeV) was evaluated from
the dispersion of the deduced S, values at the two inci-
dent energies and using different sets of optical potentials
in the entrance and exit channels and different a-'3C well
geometry parameters [216].

The a-reduced width 72 of about 13.546.6 keV for the
6.356 MeV state was obtained using eq. (21). The calcu-
lation was performed at the radius R = 7.5 fm where the
Coulomb asymptotic behavior of the radial part of the
a-13C wave function is reached.

The contribution of the 1/2% state to the astrophysi-
cal S-factor when using this deduced 42 is shown in red
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curve in fig. 24. At the energy of astrophysical interest,
E.n = 0.19MeV, the contribution of this sub-threshold
state to the total S-factor is dominant (=~ 70%) [216].
This is much larger than what was obtained in Kubono et
al. [261] (1.6%) and Johnson et al. [235] (30%) works and
it confirms the dominant character of the sub-threshold
state on the cross section of 13C(a,n)1°0 at the energies
of astrophysical interest.

The calculated *C(a, n)'%0 reaction rate, at tempera-
ture T'= 0.09 GK important for the s-process in low mass
AGB stars was found to be in a good agreement with
NACRE compilation adopted value but the range of al-
lowed values is significantly reduced in this work [216].
The Orsay result is confirmed by the work of Heil et
al. [265] and very recently by the results of Guo et al. [266]
and La Cognata et al. [268] where the transfer reaction
13C(MB,"Li)!0 and the Trojan Horse method were used
respectively.

5.2.4 Study of 26Al(n,p)?°Mg and 26Al(n,«)?*Na through
27A|(p,p')27A|

26 A1 was the first cosmic radioactivity to be detected in
the galaxy as well as one of the first extinct radioactivity
observed in meteorite [85] (sect. 3.1.2). Its nucleosynthe-
sis in massive stars is still uncertain due to the uncertain-
ties surrounding the 26Al(n,p)?°Mg and 2°Al(n, a)?3Na
reactions [146]. The uncertainties on the rate of these two
reactions are mainly due to the lack of spectroscopic infor-
mation on the 2?Al compound nucleus above the neutron
and alpha thresholds for which no experimental data was
available.

The first experimental study of the 26 Al(n, p)?Mg and
26 Al(n, )?*Na reaction rates was done using the time re-
verse reactions 2°Mg(p,n)?6Al and 23Na(a,n)?5Al [269].
However, this method only provides the branching to the
ground states and has been superseded by direct measure-
ments with 20Al, radioactive targets [270-272]. However,
the different experiments give results that are inconsistent
within each other [273] by a factor of up to =~ 2. The reac-
tion rates used in stellar evolution calculations, based on
the Hauser-Feshbach statistical approach rely on the level
density, but since 26Al ground state has J™ = 5%, the most
important 27Al states have high spin such as 9/2% and
11/2% or 7/27 to 13/2~ for s- or p-wave neutron capture,
respectively. The level density of such high spin states may
not be well reproduced in Hauser-Feshbach calculations.
This is why the spectroscopy of neutron-unbound levels
in 27Al was investigated through 27Al(p, p’)?" Al reaction
which was studied at the Tandem/ALTO facility using a
proton beam at 18 MeV [274].

The (p,p’) measurement was induced on a self-
supporting 27Al target of 80 pug/cm? thickness and the
emitted particles were detected in the focal plane of
the split-pole spectrometer at 10°, 40° and 45°. A care-
ful focal-plane detector calibration was performed us-
ing a low-excitation energy measurement populating well
known isolated states. A series of overlapping spectra cov-
ering 27 Al excitation energies from the ground state up to

Eur. Phys. J. A (2015) 51: 34

-

S, < <, + 360 keV

T

T

counts

‘]|]|IIIIIIIIIIIIIIII

AT e Sl it il
304 306 0.308 031

Bp (T.m,

030

028 03 0
|
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description.

about 14 MeV were obtained by changing the magnetic
field.

States, up to excitation energies of around 14 MeV
in 27Al, have been populated. A small part of the mea-
sured spectrum corresponding to the excitation energies
within about 350keV above the 26 Al4+n neutron thresh-
old is displayed in fig. 25. The spectrum was deconvo-
luted after background subtraction. Few of the measured
states were observed in previous experiments. A very good
agreement is obtained for the states measured with the
ZNa(a,v)?"Al reaction [275] (red vertical line). Similar
agreement is obtained with the data corresponding to
the direct 26Al(n, a)?*Na reaction [276] (magenta verti-
cal line) and a marginal agreement within the error bars
is obtained for the states observed in 3Na(a, p)?*Mg mea-
surement (green vertical line) [277].

In total 30 states above the *Na + « threshold and
more than 30 states above the 2Al4n threshold have
been observed for the first time [274] and their excita-
tion energies have been determined with an uncertainty of
4keV. The precise determination of the excitation energy
of the 27Al states of astrophysical interest is important
for the 26Al(n, @)?*Na and 26Al(n,p)?°Mg reaction rate
calculations. However, measurements of the branching ra-
tios, partial widths and spins and paritites are also neces-
sary to reduce the uncertainties in the 26 Al(n, p)?**Mg and
26 A1(n, )?*Na reaction rates calculations. Hence, coinci-
dence measurements, coupling the Split-Pole spectrome-
ter with three DSSSDs placed in a close geometry in the
reaction chamber, were performed at the Tandem/ALTO
facility [278]; the analysis is in progress.

5.2.5 Study of 25Al(p,v)?5Si

In the explosive hydrogen burning of novae (sect. 3.2.1),
26 A1 production by 2°Al(37v)25Mg(p,v)?° Al reaction is
in competition with 25Al(p,~)26Si(37v)26Al™. The lat-
ter synthesis path produces the short-lived isomer (26 A1™,
228keV above the ground state, 71,5 = 6.3s) that decays

to the ground state of 26Mg, thus bypassing the 1.809 MeV
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Fig. 26. Energy spectrum for one coaxial Ge detector in coinci-
dence with the peak in the neutron-TOF spectrum correspond-
ing to a level in 26Si at E, ~ 5.9MeV. Transitions related to
this level are labelled as well as subsequent gamma-ray decays.
Figure adapted from ref. [293].

emitting long-lived ground state of 26Al [159]. The re-
action rate of 2°Al(p,v)?°Si is dominated at nova tem-
peratures by direct capture and resonance levels in 26Si,
up to ~ 500keV above the proton emission threshold at
E, = 5513.7keV. Tliadis et al. [279] deduced from avail-
able spectroscopic data in 26Al and Mg and theoretical
studies that the rate above 2 x 108 K may be dominated by
a resonance corresponding to a then unobserved 37 level
at B, ~ 5.97MeV. In that case proton capture on 2°Al
may well bypass to a large extent its beta decay and thus
26Al, 5 synthesis during nova outbursts. The lack of spec-
troscopic information on the properties of this and other
states in 26Si above the proton emission threshold implies
in any case a large reaction rate uncertainty. Motivated by
the observations of 26Al described in sect. 3.1.2, a lot of
experimental efforts were dedicated in the last ten years
to reduce this reaction rate uncertainty employing various
indirect methods.

Properties of astrophysicaly important excited levels of
26Si were obtained in several transfer reactions using light
ions [280-284] or heavy ions [285] including radioactive
25 Al beam [286,287] and by (-decay [288]. In particular, in
the excitation energy range E, = 5.5-6 MeV four different
levels were observed in these experiments. Furthermore, a
more accurate reaction Q-value for the 25Al(p,~)26Si reac-
tion was deduced in recent mass measurements [289-291].
A critical review of excitation energies and spin assign-
ments was done in [292], concluding at a consistent iden-
tification of the 3% level in the different experiments at
a resonance energy of 412keV. These studies permitted
a significant reduction of the thermonuclear reaction rate
uncertainty at nova temperatures.

An experimental study of the 2*Mg(3He,n7)2%Si re-
action at the Orsay tandem facility found indications
of a yet unobserved level at E, = 5.888MeV [293]. In
the experiment the neutron-TOF method with an effi-
cient neutron detection setup was combined with high-
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resolution gamma-ray detectors for neutron-gamma coin-
cidences. The new state could be identified and attributed
to 26Si in the gamma-ray spectrum coincident with a peak
close to 5.9 MeV in the neutron-TOF spectrum. Figure 26
shows this gamma-ray spectrum where several gamma-ray
transitions to known 26Si levels are clearly present. This
state is plainly inside the Gamow window for explosive
hydrogen burning in novae and may play an important
role. Based on theoretical calculations, Richter et al. [294]
proposed that it could be the OZ state, which in that case
would not be significant for the reaction rate. A very re-
cent experiment suggests indeed a 0T assignment for this
state [295]. Further studies, however, are required to as-
sess the importance of this and other observed levels for
the 2 Al(p,~)?°Si thermonuclear reaction rate.

6 Experimental data for non-thermal
reactions

Contrary to reactions in thermonuclear burning, center-of-
mass kinetic energies are usually well above the Coulomb
barrier for charged particles and nuclear reaction cross
sections, are generally above the micro-barn range, and
therefore are more easily accessible for direct measure-
ment. Thus, the experimental challenges here are not small
counting rates but the sometimes enormous number of
open reaction channels that need to be studied. Secondly,
cross section excitation functions must often be measured
in a wide energy range, usually from the reaction threshold
to, e.g., a few tens of MeV for solar flare studies and up
to TeV energies for cosmic-ray induced reactions.

There are two principal axes where recent non-thermal
reaction cross sections have been measured:

— The production of residual nuclei in cosmic-ray inter-
actions.
— Gamma-ray emission in energetic-particle interactions.

6.1 Residual nuclei production in cosmic-ray
interactions

A very important class of observables are the fluxes of
secondary CR particles, i.e. particles that are essentially
created in collisions of CR nuclei with interstellar matter.
Those include antiprotons, radioactive isotopes and nu-
clei with very low source abundances like LiBeB and the
sub-Fe elements Sc, V, Ti, Cr, Mn (fig. 1) that are copi-
ously produced in fragmentation reactions of the abundant
heavier nuclei CNO and Fe, respectively. The fluxes of
those secondary species or flux ratios like p/p, 1°Be/?Be,
B/C and sub-Fe/Fe are key observables constraining the
CR propagation parameters, like the diffusion coefficient
and the galactic CR halo size.

A recent dedicated measurement of fragmentation
yields has been done at the heavy-ion accelerator facility
of GSI Darmstadt. The spallation of Fe by protons, espe-
cially important for the sub-Fe CR fluxes, has been mea-
sured in the energy range 0.3-1.5 GeV per nucleon. It was
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Fig. 27. Production cross sections of residual nuclei as a func-
tion of mass number A in the reaction Fe + p in the laboratory
energy range 0.3—1.5 GeV per nucleon. Symbols: measured data
at the fragment separator of GSI Darmstadt [296,297]; full and
dashed lines: calculated cross sections with INCL4 [298,299]
coupled to evaporation models GEMINI [300] and GEM [301],
respectively. (Figure adapted from C. Villagrasa-Canton, A.
Boudard et al. Physical Review C 75, 044603 (2007). Copy-
right (2007) by the American Physical Society.)

done in reverse kinematics employing a liquid-hydrogen
target where the forward-focusing permitted the detec-
tion and identification of all reaction products in several
runs at the fragment separator FRS [296,297]. In this ex-
periment, data for particle-bound isotopes of elements Li
to Co with cross sections exceeding 1072 mb have been
obtained, that amount to more than 150 different nuclei!
Such data are valuable not only directly for CR propaga-
tion calculations, but also as a crucial test to cross section
parameterizations or reaction codes that are required for
the extrapolation of cross section data, and more impor-
tantly to estimate reaction cross sections for nuclei where
no experimental data exist.

Partial cross section data of the GSI/FRS experiment
and calculations with reaction codes for the Fe + p reac-
tion are displayed in fig. 27. It demonstrates the ability
of modern codes for the intranuclear cascade stage (INC)
coupled to codes treating the evaporation of excited nu-
clei after INC to predict accurately the spallation frag-
ment production in a wide range of masses and energy
but also some shortcomings at the lowest reaction energy.
The latter, however, concern mostly nuclei far away from
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the parent nucleus that have low production cross sec-
tions and therefore do not play an important role in the
CR propagation.

6.2 Total gamma-ray line emission in nuclear reactions

The studies concerning the gamma-ray emission of LECRs
and solar flares presented in sect. 3.1.3 were made pos-
sible thanks to a longstanding effort of gamma-ray line
production measurements. Ramaty, Kozlovsky and Lin-
genfelter [302] presented a first comprehensive review of
nuclear gamma rays produced in astrophysical sites by en-
ergetic particle interactions. Since then, cross sections for
the most intense lines in astrophysical sites have been mea-
sured in several dedicated experiments at tandem Van-de-
Graaf and cyclotron accelerator laboratories from thresh-
old up to about 100 MeV per nucleon, which is the most
important energy range for solar-flare and LECR-induced
gamma-ray emission. The strongest lines are from the
(o, @) reaction populating excited states of "Li and "Be
and from transitions of the first excited levels of 12C, 14N,
160, 20Ne, 2*Mg, 28Si, 32S and °SFe populated in reac-
tions with protons and a-particles. The latest compila-
tion dedicated to solar flare studies contains thus about
180 cross section excitation functions for «-ray line pro-
duction in p, a-particle induced reactions and also some
for 3He-induced reactions [303].

In fig. 8 in sect. 3.1.3, the structure in the 0.1-10 MeV
range is effectively studded with prominent narrow lines
from energetic proton and a-particle induced reactions,
but the bulk of the emission is a broad continuum-like
component. It is formed from the superposition of the
same prominent lines strongly Doppler-broadened in en-
ergetic heavy-ion interactions and numerous weaker lines
that form a quasi-continuum. A lot of progress concerning
this weak-line quasi-continuum has been achieved recently
in several experiments at the tandem Van-de-Graaff ac-
celerator of IPN Orsay. These measurements have been
done in the last two decades with beams of protons,
3He and o-particles. Cross section excitation functions
for proton- and alpha-particle-induced reactions on C,
N, O, Ne, Mg, Si and Fe have been obtained in a typ-
ical energy range of a few MeV to 25MeV for protons
and 40 MeV for alpha particles [304-306]. The gamma-ray
production in 3He-induced reactions on 160, a potentially
important signature of 3He acceleration in impulsive-type
solar flares [308], has been studied in the range Fsy, =
3-33MeV [309].

The experimental setup consisted typically of 4 or
more large-volume high-purity Ge detectors equipped with
BGO shields for Compton suppression, placed around the
target chamber in a wide angular range with respect the
beam. Particular attention was given to the control and/or
suppression of gamma-ray background in these mesure-
ments. It consisted in the usual active background sup-
pression by the BGO shielding, of effective shielding of
the Faraday cup, typically sitting several meters down-
stream of the target behind a thick concrete wall, and
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Fig. 28. Gamma-ray emission cross section of the first 11 ex-
cited states of 28Si in proton irradiation of a Si target at three
different projectile energies deduced from gamma-ray line mea-
surements (symbols). Full curves connect the calculated emis-
sion cross sections of these states with the nuclear reaction
code TALYS, including direct population of the state by in-
elastic scattering and by cascade transitions from higher-lying
levels. It shows the results after the adjustment of collective
band couplings to reproduce the experimental data simultane-
ously at the different proton energies. More details are found
in [306]. (Figure adapted from H. Benhabiles-Mezhoud et al.,
Physical Review C 83, 024603 (2011). Copyright 2011 by the
American Physical Society.)

regular monitoring of the room background and the de-
termination of beam-induced background. For the latter,
for each beam energy, an irradiation run with an empty
target frame has been done. These measures resulted in
high-statistics spectra with excellent signal-to-background
ratio for the prominent lines and providing the possibility
to extract cross sections also for weaker lines down to the
few mb range.

The consequently large samples of gamma-ray line
data for each nuclear reaction are very valuable for the
test and parameter optimization of nuclear reaction codes.
This is illustrated in the proton irradiation of a Si tar-
get where the extracted gamma-ray line data permitted,
among others, the determination of cross sections for the
gamma-ray emission of the first 11 excited states of 28Si,
up to E, = 7.933MeV. Most states belong to collective
bands and their population by inelastic proton scattering
at the studied projectile energies depends essentially on
the details of the band couplings. The experimental data
were then used to complete the coupling schemes and ad-
just the deformation parameters of the collective bands of
28Gi in the nuclear reaction code TALYS [310]. Figure 28
shows the measured data at three different proton energies
and the result of calculations with TALYS after adjust-
ing the collective band couplings. As a total, cross section
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data for about 100 different excitation functions have been
obtained in these experiment campaigns, which is to com-
pare with the about 180 excitation functions included in
the last compilation for accelerated-particle reactions in
solar flares [303].

Calculations of total gamma-ray emission in light-par-
ticle induced nuclear reactions including the weak-line
quasi-continuum have for a long time relied on estima-
tions based on only one dedicated experiment [302]. Re-
cent data for the total gamma-ray emission in proton- and
alpha-particle induced reactions in the Orsay experiments
have been obtained by subtracting completely all gamma-
ray background components. Subtraction of ambient radi-
ation and beam-induced gamma-ray background in these
experiments was straightforward due to the availability
of high-statistics spectra for all components and accurate
beam charge determinations in the Faraday cup. These
subtractions remove completely all background not orig-
inating in the target. The remaining background in the
spectra is Compton scattering and pair production of tar-
get gamma rays in the detector and surrounding materi-
als for beam energies below the neutron emission thresh-
old. This background could be removed with the help of
extensive simulations of the experiment set up with the
GEANT code [311] to enable spectrum deconvolution. In
case of significant neutron production in the target irradi-
ation, further modelisations of neutron interactions cou-
pled to GEANT for the gamma-ray interactions can be
used to subtract this neutron-induced background, easily
recognizable by the characteristic triangular features in
Ge detector spectra.

An example of total gamma-ray emission in the p +
Fe reaction at E, = 10MeV is shown in fig. 29, where
data could be extracted up to E, = 6.5MeV [143]. In
this irradiation many hundred gamma rays can contribute
from discrete transitions: the two main iron isotopes **Fe
and 55Fe have together more than 300 known levels be-
low 8 MeV that may be excited, decaying by usually more
than 2 different transitions, and (p,n), (p,a) reactions may
likewise contribute significantly to the gamma-ray emis-
sion. A small contribution is also expected from continuum
transitions, induced by, e.g., radiative proton capture. The
gamma-ray emission calculation of TALYS [310] for this
reaction is shown for comparison. Although there seems
to be a small underestimation of experimental data at -
ray energies below a few MeV, the TALYS calculations
reproduce reasonably the magnitude and shape of the
cross section curve. Those studies and other relatively cor-
rect predictions of cross section excitation functions for
gamma-ray lines in light-particle induced reactions finally
led to the inclusion of TALYS calculations in the latest
compilation, and in particular for the weak-line quasi-
continuum [303].

6.3 Gamma-ray line shapes

Another recent progress for non-thermal reactions in as-
trophysics due to recent experimental data concerns gam-
ma-ray line shapes. The exact shapes of prominent narrow
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Fig. 29. Differential gamma-ray emission cross section as a
function of energy in the proton irradiation of a Fe target at
E, = 10MeV. Symbols are experimental data from the Orsay
tandem obtained by removing the Compton component in the
detector spectra and cleared for ambient and beam-induced
background. Black squares show cross sections from Legendre
polynomial fits of 4 detector data in range 67.5°~157.5° with
respect the beam direction, green triangles represent cross sec-
tion averages of the 4 detectors. The full curve shows the pre-
diction of the TALY'S nuclear reaction code with default values
for the optical model and nuclear structure parameters. More
details can be found in [143].

lines in solar flares carry information on the accelerated
proton-to-alpha-particle ratio and their energy spectra as
well as to their directional distribution. The latter may be
far from isotropic in the chromosphere where most nuclear
interactions take place in the presence of strong magnetic
fields that extend up to the acceleration site in the corona.
Recent line-shape studies concentrated on the 4.438 MeV
line of 2C and the 6.129 MeV line of 0. For both lines, a
database of line shapes for proton and alpha-particle reac-
tions with C and O is now available from the Orsay exper-
iments [304-306] in a wide angular range and with a good
coverage in projectile energies from threshold to about
25MeV for proton and 40 MeV for a-particle reactions.

Together with the “Li-"Be lines from alpha-alpha re-
actions [307], these lines are probably the best candidates
for line shape studies in solar flares: 1) the emitting nu-
clei '2C and 60 are relatively light, meaning high re-
coil velocities and the relatively high gamma-ray ener-
gies lead to large Doppler shifts that are easily resolv-
able with high-resolution Ge detectors onboard gamma-
ray satellites like RHESSI [136] and INTEGRAL/SPI [90];
2) they are among the strongest prompt emission lines in
solar flares; 3) line-shape calculations are facilitated by the
negligible population of the emitting 4.439 MeV, 2C and
6.130 MeV, 60 levels by gamma-ray cascades of higher-
lying levels.

The first comprehensive study of the 4.438 MeV line
shape in solar flares that was largely based on measured
data, has been done at Orsay [312]. In solar flares, this
line is essentially produced by proton and a-particle in-
elastic scattering off 12C and reactions with 0. The mea-
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Fig. 30. Measured data of the 4.438 MeV line in the proton
irradiation of a thin carbon target at E, = 6.5MeV (sym-
bols) and calculated line profiles. The solid red line shows the
sum of the coumpound-nucleus component (CN) and the di-
rect reaction contribution in the inelastic scattering reaction
1QC(p,p'7)IQC.

sured line shapes and relative line intensities of 6 HP-
Ge detectors placed at © = 45°-145° in proton reac-
tions with '2C could be fairly well reproduced with a sim-
ple parameterization of the magnetic-substate population
of the 4.439 MeV state after inelastic scattering similar
to the method proposed in [302] and with use of exten-
sive optical-model calculations. Measured 4.438 MeV line
shapes in the %0(p, pay)*2C reaction could be nicely re-
produced by adjusting the mean excitation energy in 10
before a-particle emission and otherwise isotropic emis-
sion of the proton, a-particle and v-ray. These studies were
later on, completed for a-particle-induced reactions and
the 6.129 MeV line [139].

Since then, a new method has been developed, that
aimed at a specific improvement of line-shape descrip-
tions in the region dominated by compound-nucleus (CN)
resonances. This is below about E, , = 15MeV for pro-
ton and a-particle inelastic scattering to the 4.439 MeV
and 6.129 MeV states. It relies on optical-model calcula-
tions in the coupled-channels approach for the direct in-
teraction component and explicit resonance calculations
for the CN component [313,143]. An example for the
4.438 MeV line is shown in fig. 30. The best reproduc-
tion of the measured line shapes was obtained by assum-
ing a pure 3/2% resonance contribution for the CN com-
ponent. For this proton energy E, = 6.5MeV, the CN
excitation energy is Efy = 7.94MeV, where the only
known suitable resonance in '3N is the 1.5MeV broad
3/2% state at E, = 7.9MeV. The optical-model calcu-
lation in the coupled-channels approach was done with
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the ECIS code [314] and optical model parameters of [315]
were taken from the compilation of Perey and Perey [316].
This work is in progress [313,143] and will eventually re-
place the method described in [312] for small projectile
energies.

7 Nuclear astrophysics and cosmology

There are important aspects of cosmology, the scien-
tific study of the large-scale properties of the Universe
as a whole, for which nuclear physics can provide in-
sight [317,318]. Here, we focus on the properties of the
early Universe (big bang nucleosynthesis during the first
20mn) and on the variation of constants over the age of
the Universe.

7.1 BBN as a probe of the early Universe

Now that the baryonic density of the Universe has been
deduced from the observations of the anisotropies of the
CMB radiation, there is no free parameter in standard
BBN. The CMB radiation that is observed was emitted
when the Universe became transparent ~ 3 x 10° years af-
ter the big bang. On the contrary, the freeze-out of weak
interactions between neutrons and protons, and BBN, oc-
curred, respectively, at a fraction of a second, and a few
minutes after the big bang. Hence, comparison between
observed and calculated light-element abundances can be
used to constrain the physics prevailing in the first seconds
or minutes of the Universe [319,320].

In fact a 10% change in the expansion rate, within the
first seconds after the big bang, would be sufficient to drive
the *He abundance out of the observational limits while
providing little help to the 7Li discrepancy (sect. 3.2.2).
The *He yield is sensitive to the value of the expansion rate
(H(t)) at the time of n/p freeze-out, i.e., around 10'° K
and 0.1 to 1s after the big bang while the other isotopes
are sensitive to its value 3 to 20mn after. The freeze-out
occurs when the weak reaction rates I',..,, become slower
than the expansion rate, i.e.,

8 G (T 5
$nGarg-(T) o . p o T°
6 7—Il

H(t) = (24)

where ap is the radiation constant. Here, g.(T) is the
the effective spin factor: ¢g.(T') =2, pi(T)/py(T) where
the p; (i = 7, e*, and [anti-Jneutrinos in standard BBN)
are the energy densities of the relativistic species [319].
This factor varies slowly with temperature during BBN
(3.36 < g. < 10.25 in the standard model). There are
several potential sources of deviation from the nominal
expansion rate H(t) as can be seen from equation (24).
For instance, a deviation from General Relativity would
affect the gravitational “constant” G, and new relativis-
tic particles would modify the effective spin factor, g.(7T),
while the neutron lifetime, 7, is sensitive to the Fermi
constant, Gp.
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Fig. 31. Test of the variations of constants performed at differ-
ent redshifts or lookback time (i.e. elapsed time until present).
Those in red involve nuclear physics.

There are various ways in which exotic particles can in-
fluence BBN [319]. The decay of a massive particle during
or after BBN could affect the light-element abundances
and potentially lower the “Li abundance (see, e.g., [321]).
Neutrons, protons or photons produced by these decays
may be thermalized but more likely have a non-thermal,
high-energy (~ 1GeV) distribution. Interestingly, some
nuclear cross sections involved in these non-thermal pro-
cesses are not known with a sufficient precision [322]. If
they can be thermalized, it provides an extra source of
neutrons that could alleviate the lithium problem [323,
324]. Another exotic source of thermalized neutrons could
come from a “mirror world” [325] initially proposed to re-
store global parity symmetry. Long-lived (relative to BBN
time scale) negatively charged relic particles, like the su-
persymmetric partner of the tau lepton, could form bound
states with nuclei, lowering the Coulomb barrier and hence
catalysing nuclear reactions (see, e.g., [326-328]). Even
though exotic, the interaction of these electromagnetically
bound states with other nuclei can be treated by conven-
tional nuclear physics theory.

7.2 Variation of fundamental constants

Experimental (or observational) tests of variations of a
constant consists in comparing quantities that have a dif-
ferent sensitivity to this constant (for reviews, see [329—
331]). Tests involve atomic clocks, atomic absorption in
quasar (QSO) spectra, the CMB, and nuclear physics (big
bang nucleosynthesis, the triple-alpha reaction and stellar
evolution, radioactivities in meteorites and the Oklo fossil
reactor). They are all interesting because they have dif-
ferent dependency to the variation of constants and they
probe variations on different cosmic time scales (fig. 31).
In the following, we consider only those related to nu-
clear physics, and in particular the triple-alpha reaction
in stars, and BBN. We will illustrate the effect of varying
“constants” like the fine structure constant, the Fermi con-
stant, the electron mass, on some nuclear reactions or de-
cay but leave aside the discussion of the coupled variations
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of these constants (e.g. [332]) which are beyond the scope
of this review. Indeed, within theories like superstring the-
ory, the constants cannot be treated independently: their
variations are related to each other in a way that depend
on the model. Following fig. 31, from present to big bang,
we have the following constraints from nuclear physics.

7.2.1 The Oklo nuclear fossil reactor

At present, terrestrial uranium is mainly composed of
238U, 0.72% of 23°U and 0.0055% of 23*U. The 23°U iso-
tope has a half-life of 7.038 x 10® years and decays by
alpha emission. It is fissile through the absorption of ther-
mal neutron that can lead, within special conditions, to
the controlled chain reaction at work in nuclear reactors.
One of the conditions is that uranium is enriched in 23°U
to a level of 3-4%, another is that fission-produced neu-
trons are slowed down (“moderated”) to take advantage
of higher induced-fission cross section. In 1972, the French
Commissariat a I’Energie Atomique discovered, in an ura-
nium mine located at Oklo, in Gabon, that a natural nu-
clear reactor had been operating two billion years ago,
during approximately a million years (see [333] and refer-
ences therein). This operation was made possible because,
at a few 23°U half-lives ago, its fractional abundance was
sufficiently high, and hydrothermal water acted as mod-
erator. As a result, the ore displayed a depletion in 23°U
that was consumed by the chain reaction, and very pe-
culiar isotopic rare-earth abundances. In particular °Sm
(samarium) was strongly depleted, an effect ascribed to
thermal neutron absorption through the Er = 0.0973eV
resonance in '9Sm(n,v)'%%Sm. As the neutron exposure
time and energy distribution can be inferred from other
rare-earth isotopic compositions, the samarium isotopic
ratios are sensitive to the 9Sm(n, v)%9Sm cross section
and hence, to the position of the resonance. If its resonance
energy can be related to the fine structure (e ),and other
constants, one can put limits on their variations [334,335],
typically |Actem/ctem| < 10710 [334] during the last 2 Gy.

7.2.2 Meteorites and 187Re

The '87Re isotope is of special interest for the study of
possible variation of constants [329,330,336] because of
its very long lifetime, larger than the age of the Universe,
and because of the high sensitivity of its lifetime to the
variation of constants. It is the most abundant (62.6%)
terrestrial rhenium isotope which $1 decays to '87Os with
a measured mean life of )\Ealb = 61.0 x 107 years. Its 8+
decay rate can be approximated by A o G%Q%mg. Thanks
to the very low value of Q)3 = 2.66keV, the sensitivity of
A to variations of Qs is high. The imprint of 1¥7Re decay
since the birth of the Solar System can be found in the
isotopic composition of some meteorites. Indeed, one has:

187OS|N0W - 187OS|Init + 1871{e|Now [exp (S\tM) - 1] ’
(25)
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Fig. 32. Central abundances at the end of CHe burning as a
function of the relative variation of the NN-inetraction, onn,
for 15 (solid) and 60 (dash) M, stars.

where ty is the age of the meteorite (=~ the age of the
Solar System) and \ is the averaged **"Re decay constant
assuming that A\ may have evolved over ~ 4.6 x 10°. It
shows that the present day '®7Os versus '®"Re meteoritic
isotopic abundances (relative to stable *80s) follow a lin-
ear dependence (an isochrone, as in fig. 7 for 26Al) from
which [exp(My) — 1] can be extracted. If the age of the
meteorites ¢y can be obtained by another dating method
(U/Pb isotopes) which is much less sensitive to the vari-
ation of em, then A can be deduced and limits on Adaem
(and of other constants) can be obtained from those on
A — ALab [336], typically |Acem/ctem| < 1076 [336] during
the last 4.6 Gy.

7.2.3 Variation of constants and stellar evolution

The *He(aa,)'2C reaction is very sensitive to the
position of the “Hoyle state” (sect. 1.2, fig. 2). The
corresponding resonance width is very small (a few eV)
as compared with the competing reaction 2C(a,~)'%0,
dominated by broad (~ 100keV) resonances and sub-
threshold levels. Small variations of the Nucleon-Nucleon-
interaction (< 1%) induce small variations of the position
of the “Hoyle state”, but huge variations (many orders of
magnitude) on the triple-a reaction rate. This effect was
investigated for 1.3, 5, 15, 20 and 25 My stars with solar
metallicity (Population I) by Oberhummer and collabo-
rators [337,338]. They estimated that variations of more
than 0.5% and 4% for the values of the strong and elec-
tromagnetic forces, respectively, would drastically reduce
the stellar production of either carbon or oxygen (depend-
ing on the sign of the variation). However, the stars that
were considered in this study, were born a few Gy ago, i.e.
only at small redshift z < 1. Considering instead (see [339]
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for more details) the very first generation of stars (Pop-
ulation IIT) extends the test to a much larger lookback
time. These stars are thought to have been formed a few
10® years after the big bang, at a redshift of z ~ 10-15,
and with zero initial metallicity. For the time being, there
are no direct observations of those Population III stars
but one may expect that their chemical imprints could
be observed indirectly in the most metal-poor halo stars
(Population IT). Depending on the NN-interaction, helium
burning results in a stellar core with a very different com-
position from pure '2C to pure 0 (and even pure 2*Mg),
due to the competition between the *He(aq,v)2C and
12C(ar, )90 reactions. As both C and O are observed in
metal-poor halo stars, a 2C/%0O abundance ratio close
to unity is required. To be achieved, the relative variation
of the NN-interaction (dxn) should be less than = 1073,
which can be translated in limits on Aaep, [339] (fig. 32).

7.2.4 Variation of constants and BBN

We have mentioned in sect. 7.1 that, at the BBN epoch,
gravity could be different from General Relativity as in
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superstring theories. That would affect the rate of expan-
sion, through G in eq. (24). Here, we will illustrate the
influence of the variations of constants on two key nuclear
reaction rates: n «» p and n + p — d + . The first, to-
gether with the expansion rate, governs the production
of *He, while the second triggers further nucleosynthe-
sis. The weak rates that exchange protons with neutrons
can be calculated theoretically and their dependence on
Gr (the Fermi constant), @, (the neutron-proton mass
difference) and m, (the electron mass) is explicit. For in-
stance, the n — p+ e~ + I, neutron free decay displays a
Gr, ¢ = Qnp/m. and m, explicit dependence. The depen-
dence of the n+p — d+- rate [340] cannot be explicitly re-
lated to a few fundamental quantities as for the weak rates
but a modeling of its dependence on the binding energy
of the deuteron (Bp) has been proposed [341], although
other prescriptions are possible [342,344]. Figure 33 shows
the dependence of the *He, D, 3He and "Li, primordial
abundances on these four quantities, me, @yp, 7, and Bp.
It shows that a variation of Bp (i.e. the n+p — d+
rate) has a strong influence on "Li, even reconciling calcu-
lations with observations. However, even though the *He
abundance remains close to the lower observational limit,
Deuterium is overproduced with respect to observations.

We have seen (sect. 7.2.3) that Popular III stars can
put a limit on the NN-ineraction at z ~ 10-15, but at
BBN time, z ~ 108, it may be different. In particular,
for oy = 7.52 x 1073, Eg_s_(gBe) (relative to the 2-
a threshold, fig. 2) becomes negative, i.e. Be becomes
stable. In that case, one has to consider two reaction rates,
“He(cr,7)®Be and ®Be(a,v)!2C for a stable ®Be, and one
may expect an increased '2C production, bypassing the
A = 8 gap. However, calculations show that the carbon
abundance has a maximum of C/H ~ 10~2! [178], which
is siz orders of magnitude below the carbon abundance in
SBBN [178,74]. Note that the maximum is achieved for
dnn ~ 0.006 when ®Be is still unbound so that contrary
to a common belief, a stable 8Be would not have allowed
the build-up of heavy elements during BBN.

8 Conclusions

In this review paper, we have presented a few examples of
experiments that we think are representative of the field
of nuclear astrophysics. We want to emphasize that all
have had significant impact on astrophysics, as summa-
rized below.

Nova-related experimental results allow setting the ex-
pected gamma flux from close nova explosions and are
used to set triggering conditions for ~-ray astronomical
observations in space. These nuclear physics results have
led to a drastic reduction of the maximum detectabil-
ity distance of prompt gamma-ray emission, dominated
by ¥F decay, in nova explosions [346]. Sensitivity stud-
ies have identified the most important reactions in nova
nucleosynthesis and associated gamma ray emission from
22Na and 26Al and triggered experimental studies that are
still going on.
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We also presented recent experimental studies relevant
to reactions of accelerated particles in astrophysical sites.
As for thermonuclear reactions, new observations were
an important motivation for improving our knowledge of
cross sections for energetic-particle induced nuclear reac-
tions. This includes new measurements of the cosmic-ray
composition and spectra and novel remote observations of
emissions induced by cosmic rays in the interstellar matter
as well as solar-flare gamma-ray emission with unprece-
dent sensitivity and precision. The nuclear reaction stud-
ies for energetic particles have addressed particular points
like fragmentation cross sections of important nuclei for
cosmic-ray studies and line-shape calculations for solar
flares that are directly applicable to astrophysics. This
is accompanied by another important development: com-
prehensive nuclear reaction codes like INCL-4 and TALY'S
that are an essential tool for the study of energetic parti-
cles in astrophysics.

With improved observations, cosmology has entered a
precision era with big bang nucleosynthesis as a probe of
new physics in early Universe. The “lithium problem” re-
mains a challenge for (astro-)physicists, but at least a nu-
clear solution is now excluded thanks to laboratory mea-
surements. It is now clear from nuclear physics analyses
that the high °Li abundance observed in some stars could
not be obtained by standard BBN. With improved preci-
sion on primordial deuterium observations, the cross sec-
tions for D destruction in BBN needs to be known with a
similar precision (~ 1%).

Finally, it is worth mentioning that almost all these
experimental achievements have been obtained at small
scale facilities, some of which are now dismantled®, or in
danger of closing (the Tandem of the Orsay ALTO facil-

ity).
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