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Introduction 1
Introduction

Several astrophysical contexts, from the Big Bang nucleosynthesis to the energy
production in stars, cannot be studied without precise measurements (precisions
~5%) of few crucial reaction cross sections [Rolfs & Rodney (1988)].

These must be carried on at energies relevant for astrophysics, the Gamow win-
dow, which are generally very low (1-100 keV) in comparison to the Coulomb barrier
(>1 MeV) for charged-particle-induced reactions. The presence of such a barrier
causes an exponential decrease for the cross section with decreasing energy which
leads to a low signal-to-noise ratio and consequently to a low-energy limit of direct
cross section measurements, usually larger than the Gamow energy of astrophys-
ical interest. In these cases what is usually done is to extrapolate the available
experimental data to zero energy by means of theoretical arguments (e.g. R-Matrix
fit).

Recently, the development of new experimental facilities, such as LUNA at Lab-
oratori Nazionali del Gran Sasso, together with improved targets and detection
techniques, allowed for cross section measurements at energies as low as the Gamow
window ones (e.g. [Bonetti et al. (1999)]).

In spite of these efforts measurements at ultra-low energies suffer from the com-
plication due to the effects of electron screening [Assenbaum et al. (1987)]. As it
will be stressed in chapter two the electron screening effect represents one of the
most important problems in nuclear astrophysics. The necessity, for astrophysical
reaction networks, to know the bare nucleus cross section (mainly because the stel-
lar screening is different from the one in laboratory) requires the electron screening
effect in the laboratory to be fully understood; this result is still far to be achieved
and a number of recent experimental results are not explained using the available
theoretical models. A better understanding of electron screening can also help in

developing more reliable atomic models. It is important to underline that direct



Introduction 2

measurements of the electron screening potential are generally performed via an ex-
trapolation, whose reliability decreases with increasing unexplored energetic region
[Fiorentini et al. (1995)].

Thus many alternative methods have been proposed in order to retrieve in-
formations on the bare nucleus cross sections (for instance the Coulomb dissocia-
tion [Baur & Rebel (1994)] and transfer reactions [Gagliardi et al. (1999)]). Among
these methods the Trojan Horse Method (THM) [Baur (1986)] seems to be partic-
ularly suited for extracting information on charged-particle-induced reaction cross
sections. As it will be pointed out extensively in chapter three, the method allows
to extract the bare nucleus cross section without any extrapolation. It represents a
complementary method for experimental nuclear astrophysics because normalization
to direct data above the Coulomb barrier is always needed.

The THM is based on a quasi-free break-up process and allows to extract the

cross section of a two-body reaction (of astrophysical interest)
a+z—=>c+C
from a suitable three body one
a+A—=c+C+s.

In this notation the particle A, the “Trojan Horse”, which can be either the projectile
or the target nucleus, has a high probability to be clustered into z and s, i.e. A =
r @ s. Particle ¢ acts as a participant to the two body reaction, while s keeps
the role of spectator. If the energy in the entrance channel is higher than the
Coulomb barrier, then the interaction between x and a proceeds directly in the
nuclear interaction zone, thus by-passing the Coulomb barrier.

An improved theoretical formalism, based on a Distorted Wave Born Approxi-
mation (DWBA) [Typel & Wolter (2000)], will also be introduced in chapter 3. This
will allow the extraction of the energy trend for the bare nucleus astrophysical factor

whose absolute normalization must be performed via a comparison with direct data
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at energies above the Coulomb barrier, where the THM and the direct results must
be equivalent.

The method has been applied to measure the bare nucleus astrophysical S(E)-
factor of two important lithium depleting reactions, the 6 Li(d, )* He and the " Li(p, a)* He,
and hence the electron screening potential for both reactions.

This work will be organized as follows.

The primordial nucleosynthesis and the lithium problem, are presented in chap-
ter one. During primordial nucleosynthesis only elements with A<7 were formed
[Malaney & Mathews (1993)]. Among these isotopes, lithium has been studied both
observationally and theoretically in the last decades [Michaud & Charbonneau (1991)].
The determination of the primordial lithium abundance allows, via the compari-
son with theoretical calculations, to get estimates on the important cosmological
parameter 7, which is strictly connected with the baryon density of the Universe
[Vangioni-Flam et al. (2000)]. This procedure requires, among other fulfillments, a
detailed knowledge of lithium producing and depleting mechanisms.

In particular the key role of the reaction "Li(p, a)*He will be acknowledged
in this thesis, together with other reactions involving lithium isotopes. The inde-
termination on this cross section is one of the main sources of uncertainty in this
field.

In chapter two the main difficulties for the experimental measurements in nuclear
astrophysics will be briefly introduced together with the most useful concepts and
definitions. A particular attention will be devoted to the role of atomic electron
clouds, whose influence at these energies must be taken into account in retrieving
informations from experiments [Assenbaum et al. (1987)]. This is because of the
electron screening effect which essentially enhances the cross section with decreasing
incident energy.

In order to by-pass the difficulties arising from measuring the bare nucleus cross

section via direct experiments many indirect methods have been proposed and the
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Trojan Horse Method (THM) [Baur (1986)] among them. Chapter three will be
focused on a theoretical introduction and its previous applications. The principles
of the method will also been given together with the limits of its applicability. The
THM allows to extract the bare astrophysical factor without extrapolation, but,
because of the normalization procedure, it represents a complementary tool to direct
measurements.

The THM has been applied to the ° Li(d, a)* He reaction [Cherubini et al. (1996),
Spitaleri et al. (2001)] and the 7 Li(p, a)* He [Calvi et al. (1997), Spitaleri et al. (1999),
Lattuada et al. (2001)] reaction, which are important for lithium depletion prob-
lem in different astrophysical scenarios. The information was extracted from the
6Li(SLi,ac)*He and the "Li(d, aa)n three body reactions, respectively. Chapter
four and five will be devoted to their complete experimental study. For both reac-
tions the bare nucleus S(E)-factor and the electron screening potential have been
measured and the results extracted via the THM are compared and normalized to
the direct ones taken from [Engstler et al. (1992)].

The electron screening potential obtained in such a way is compared (chapter 6)
with the theoretical value predicted in the adiabatic approximation and with other
direct determinations. Moreover, in order to verify the assumption that the electron
screening depends only on the atomic number of the element and is independent
from its mass number, results extracted from ®Li(d, a)* He and "Li(p,a)*He are
compared.

The astrophysical implications of the present THM measurement of the " Li(p, «)* He
reaction are briefly discussed in chapter seven. In particular the attention will be fo-
cused on the solar lithium problem, which is, by far, the best studied case of lithium
depletion. The THM value of the "Li(p,a)* He astrophysical factor will be used
as an input value for a stellar evolutionary code (the FRANEC code). The results
will be compared with the ones obtained using the NACRE [Angulo et al. (1999)]
compilation for both the pre-main-sequence and main sequence phases of Solar evo-

lution.



Chapter 1

The importance of Lithium

isotopes in Astrophysics

Lithium plays a special role in Astrophysics since it is produced in primordial nu-
cleosynthesis and destroyed at relatively low temperatures in stars (7' ~ 2 - 10°).
Because it is formed soon after the Big Bang, its abundance becomes an important
cosmological indicator. Because of its stellar destruction, it becomes a useful tracer
for particle transport in stars and stellar evolution, as we will review at the end
of this chapter. Moreover, in order to use lithium abundances as a cosmological
indicator, a complete understanding of its stellar abundances is needed, thus linking
the two aspects.

This chapter will be devoted to present the role of lithium in primordial nucle-

osynthesis as well as the lithium depletion.
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1.1 Basic properties of primordial nucleosyn-

thesis

Over the last two decades Big Bang nucleosynthesis (BBN) has emerged as one
of the cornerstones of the Big Bang, joining the Hubble expansion and the cosmic
microwave background radiation (CBR) in this role. Among them, Big Bang nucle-
osynthesis probes the Universe to the earliest times, from a fraction of a second to
hundreds of seconds. Since BBN involves events that occurred at temperature of or-
der 1 MeV, it naturally plays a key role in forging the connection between cosmology
and nuclear physics [Schramm & Turner (1998)].

Standard Big Bang model has the very powerful feature that prediction for the
light elements’ production is primarily dependent only on one free parameter, the
baryon-to-photon ratio n (as we will see in the following pages, it is connected to
the baryon density of the Universe). Starting from this, observationally-measured
primordial abundances can be fitted up to 10 orders of magnitudes. In picture 1.1
the primordial nucleosynthesis reaction network is reported: the absence of stable
nuclei with A=5 or A=8, together with the increasing Coulomb barrier for reactions
between heavier nuclei substantially stops the cosmological production in corre-
spondence of " Li in Standard Big Bang Nucleosynthesis (SBBN). According to the
Standard Big Bang model [Malaney & Mathews (1993)] for 7' < 10° K it is possi-
ble the formation of light nuclei (2H,> He,* He,® Li,” Li) from the starting chemical
species, protons and neutrons. Consistent amounts of these primordially synthesized
elements should be found nowadays in appropriate astrophysical contexts.

In this way a comparison between theoretically calculated yields and observed
primordial abundances of such elements can be performed in order to test the SBBN.
Moreover it is possible [Copi et al. (1995)] to infer hints on the relevant cosmological
parameter 7 from this comparison as shown in figure 1.2.  In fact the observed

primordial abundances of light nuclides, 2H,> He,* He,” Li, can constrain the free
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Figure 1.1: The primordial nucleosynthesis reaction network. Dotted squares show
the location of A=5.8 instable nuclei.

parameter 7 so that

25x 10710 <p<6x101? (1.1)

1.1.1 Primordial abundances of light elements

Let us give some informations about primordial abundances measurements for 2H,
3He, *He, "Li nuclei. We stress that the choice of an appropriate astrophysical
environment for the determination of primordial abundances of such nuclides is as

difficult as their experimental measurements.

Deuterium - From deuterium abundances in the interstellar medium [Linsky et al. (1993)]
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Figure 1.2: Comparison between observed primordial abundances and calculated
yields for 2H,> He,* He,” Li. Dotted lines show the theoretical uncertainties; in
lithium case the uncertainty mainly depends on the cross-section for "Li+p — o+«

reaction.

a primordial value (expressed in mass fraction')

of

Xp > 1.65709% x 1075
is extracted.

Deuterium+Helium3 - To take into account that primordial deuterium can be

easily burned, in the interstellar medium, via reaction d + p — 3He + v, the

!The notation X4, the mass fraction of element A with respect to hydrogen, is often

used.
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combined abundance of 2H and 3He is considered; this value has been mea-

sured and yields [Yang et al. (1984)]:

Xpyspge <11 x1074

Helium4 - *He-abundance measurements are encouraged thanks to the presence
of helium in all the astrophysical environments though the observation of
primordial helium is quite a hard task. Moreover stellar production of * He can
greatly increase its measured abundance. Observations in extremely metal-
poor environments, such as extra-galactic HII regions?, yield a primordial

value of [Olive & Steigman (1995)]:
Y, =0.232 £ 0.003 £ 0.005

where Y), is the primordial 4 He mass-fraction®, the first error is statistical and

the second one is systematic.

Lithium - The amount of primordial lithium is still an open question. We refer
to [Michaud & Charbonneau (1991)] to have a general overview. By taking
as the lithium primordial value the mean of results by [Spite & Spite (1982),
Thorburn et al. (1994)] we have

Xrp; = (1L4£0.375%) x 10710

where the first error is statistical and the second one is systematic.

Recently a primordial amount of ®Li has been detected in few halo stars
[Lemoine et al. (1997)] and its abundance is about the 5% with respect to
"Li. For this reason ®Li can provide an additional constraint on 7 and,
in the meanwhile, can provide a strong lower limit for the 7Li abundance

[Nollet et al. (1997)].

2For HII region astrophysicists mean a cloud of fully ionized hydrogen

3The notation Y for helium mass abundance is equivalent to X,
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1.1.2 From the baryon-to-photon ratio, n, to the baryon
density

The determination of a range of variability for the 1 parameter can provide limits

to the baryon density of the Universe. The baryon-to-photon ratio 7 is defined as

np
Ty

']7:

where np and n, are the baryon and the photon number density, respectively. If we

consider [Copi et al. (1995)] the baryon density, pp we have
PB = Mpnp = MplTy

where m,, is the proton mass. Considering that all the photons are within the CBR
we can write that

Ny = ozTO3
with « constant and T, the present day CBR temperature (Tp = 2.726 + 0.005 K
[Mather et al. (1994)]). Hence we find that

PB = mp77aTO3

so that if we introduce the critical density? p,

_ 3H?
Pe = 871G
where G is the gravitational constant and H the Hubble parameter, we obtain the
adimensional baryon density
Op="E (1.2)
Pe

In this way the constraint on 7 derived from primordial nucleosynthesis become a

constraint on )p; for values reported in 1.1 we find that

0.01 <Qp <0.10

4This is the limit density for which an isotropic and homogeneous Universe collapses
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Estimates of “luminous matter” show [Bahcall et al. (1995)] that most baryonic
matter is “dark”. Besides from measurements of total matter density s, it is

found [Bahcall et al. (1995)] 25 > 0.3. These results can be seen in picture 1.3.

0.01

0.001 *
0.5 0.8 0.7 0.8 0.9

H,/100 km s-! Mpc~!

Figure 1.3: Summary of our knowledge about the matter density Q,;. The lowest
band is luminous matter (bright stars and associated materials); the middle one
is BBN concordance interval for baryon density. The upper band represents the
total matter density based upon dynamical methods. The gaps between the bands
illustrate the two dark matter problems: most of the ordinary matter is dark and

most of matter is non-baryonic [Schramm & Turner (1998)].

1.1.3 Uncertainties in the determination of baryon den-
sity

The procedure to constrain the values of 2g, we have described above, has some

uncertainties; although many of them have been reduced thanks to improvements
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both in experimental and theoretical physics (for instance the uncertainty of 7,,
neutron decay period) some still remain important. Here we will focus our attention

on few of them:
e errors on observed primordial abundances;
e uncertainty on the Hubble parameter;
e errors on reaction cross section at astrophysical energies.

Up to now, a lot has been done in all these fields, but a definitive solution is still far
away from being found.

We will now focus our attention on the lithium case. A crucial problem is the
determination of its primordial amount; in order to do this a synergic work between

stellar physics and nuclear astrophysics has to be done.

1.2 The primordial Lithium

Observations on halo® stars [Spite & Spite (1982)] show a nearly constant lithium
abundance for effective temperatures®, T, sy > 5800 K in a £(Li)"+ T, ;s diagram (see
figure 1.4). That “Spite Plateau” is taken as a signature of the primordial content
of lithium in the Universe. Recent advances [Spite et al. (1996)] indicate that the
Spite plateau is exceptionally thin (< 0.05). This small dispersion, together with
the presence of 6Li in halo stars [Lemoine et al. (1997), Smith et al. (1993)] seem
to suggest that the stellar destruction of “Li, if any, is very limited in population IT

star. The Li isotope is of cosmologic interest as well since, being more fragile than

SHalo stars are part of the spheroidal component of our Galaxy and, for their negligible

metallic content, are classified among the oldest known stars (Pop. II).
6The effective temperature T, t# is given, once stellar luminosity and radius are known,

by the relation L=47R*0T/;;, with ¢ the Stefan-Boltzmann constant.
"The abundance £(X) of element X is defined as e(X)=log N(X):log%—i +12
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Figure 1.4: The Spite plateau: in a plot of e(Li) vs. T,y halo stars, with 5800 K <
Tepr < 6400 K, show a nearly constant lithium abundance. The scatter around the

mean value e=2.1 is around 0.08 and is fully explained by experimental errors (see
ref. [Spite et al. (1996)]).

" Li, its mere presence in the atmosphere of halo stars confirms that 7 Li is essentially
intact in such stars [Vangioni-Flam et al. (2000)].

However, concerning primordial " L4, uncertainty on calculated "Li abundance
(see fig. 1.2), is still large (up to 30%). One of its main sources can be the reaction
rate for " Li(p, a)* He which suffers of high errors on low-energy cross section.

But to which extent we can define a lithium abundance to be primordial? In
order to do this we have to know how lithium is processed in stars and in galaxies.
At a first glance, it is well known that lithium is destroyed during stellar evolution
and galactic chemical evolution; in principle older stars must have less content of
lithium. But this description is too simplicistic and the phenomenology is more
complex, so that a complete stellar model is needed. In table 1.1 we have reported
the observed abundances for 7 Li in various astrophysical context.

Theoretical calculations of lithium chemical evolution are still uncertain so the

observed abundances may be explained by means of three possible hypotheses:
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Astrophysical environment e(Li) reference

Meteorites 3.3 [Anders & Grevesse (1989)]

Sun 1.3 [Anders & Grevesse (1989)]
Population I stars (Hyades) ~3 [Thorburn et al. (1993)]
Population I stars (Pleiades) ~ 3.1 [Soderblom et al. (1993)]
Interstellar medium 2.3-2.8 | [White et al. (1986), Baade et al. (1991)]
Population II halo stars 2.05-2.22 [Thorburn et al. (1994)]

Table 1.1: Li abundances in various astrophysical environments.

1. BBN has synthesized an amount of “Li which corresponds to the “Spite

plateau” (e &2.1); Pop I stars are richer in Li because of galactic Li-enrichment

and Pop II stars have suffered no significant lithium depletion;

2. BBN has produced the lithium abundance present in the Pop I stars (e ~3.1);

consequently halo stars have destroyed Li during

their evolution;

3. the galactic evolution has provided both “lithium factories” and lithium de-

stroying mechanisms.

Until a better understanding of lithium chemical evolution will be achieved, the

choice of Spite plateau as a measure of primordial lithium will be an hypotheses,

though very reasonable.

1.3 The “Lithium problem”

In order to describe correctly the lithium abundance evolution all the possible pro-

ducing and depleting mechanisms have to be taken into account in stellar or galac-

tic models. Then the theoretical predictions must agree within experimental errors
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with available observations, mainly coming from the observation of stellar atmo-
spheres. Even for the best studied star clusters, e.g. the Hyades, lithium depletion
is not completely understood [Michaud & Charbonneau (1991)]. Up to now many
models have been tested in order to reproduce observative data for open cluster
(Hyades or Pleiades) or halo dwarfs [Delyannis et al. (1990)]. This systematic fail-
ure of standard models® in describing lithium abundances in clusters is referred to
as the “lithium problem”.

A very useful tool to study lithium abundance in stars is the N(Li) + Tess plot.
In picture 1.5 are reported the Lithium abundance versus T,y trends (the “Lithium
morphology”) for several galactic clusters of various ages and the Sun as well as for
halo stars.

Up to now many efforts have been devoted to study 7Li abundance in stars;
observations of ®Li in halo stars [Lemoine et al. (1997)] will extend to this isotope
the “ "Li problem”.

We will now deal with the possible lithium-producing and lithium-depleting
mechanisms; we will focus our attention on the latter and in particular on the role
of lithium fusion reactions.

Together with cosmological production of lithium, other “factories” had syn-
thetised it. Among them the most important production site for lithium apart from
BBN, which has been discussed above, is the interstellar medium, thanks to the spal-
lation reactions on C, O, N nuclides induced by cosmic rays. Naturally it is important
to understand how much of the observed lithium was produced in BBN and how
much comes out from spallation processes. Current estimates for ” Li abundance sug-
gest that about a 10% of it has spallation origins [Michaud & Charbonneau (1991)].
For instance 9Li is almost completely produced by cosmic ray spallation processes.

Mechanisms other than spallation reactions have been suggested as well. Novae,

8In stellar physics standard models are spherically symmetric stellar models, with negli-
gible rotation and magnetic fields and where mixing mechanisms other than convection are

absent.
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Supernovae, Asymptotic Giant Branch stars have been considered as possible sources
of lithium isotopes (see [Michaud & Charbonneau (1991)] for a review).

As regards lithium destruction we will focus our attention on the stellar case. Li
burning in stellar environments, mainly through the “Li+p — o+« reaction, begins
to be important at a temperature around 2.1 x 10 K. If stellar atmosphere (where T~
10* K) had been static, lithium present in the most external layers (the one that is
detected by means of stellar spectroscopy) would have been the primordial one, being
at temperatures lower than its burning one. Thus understanding mechanisms which
deplete lithium is tightly connected to the description of lithium transportation
from stellar surface inward and vice-versa. It is known that convective mixing and
elements’ diffusion can bring lithium at the bottom of the convective envelope where
temperatures may be high enough to destroy lithium according to different stellar
masses, evolutionary stages and chemical composition.

Convective mixing, which plays a key role in lithium depletion is for instance less
efficient in Pop. II stars (due to smaller opacity of their envelope). For this reason
many authors have thought of the “Spite plateau” in halo stars (see fig. 1.4), as a
direct information on primordial lithium abundance [Spite & Spite (1982)].

However uncovering the meaning of the Spite plateau requires an account of Li
depletion in any solar-like star. Without a good description about how the Sun and
Pop. I clusters, which are better studied, have depleted Li we cannot hope to predict

whether or not Li depletion is expected in halo stars.

1.4 Stellar models

We will now review few standard stellar models for Pop I stars, which are the best
studied ones both theoretically and experimentally. We will then focus our attention

on the open problems.
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1.4.1 Pre-Main-Sequence

Stars are totally convective during the beginning of their life (Pre-Main-Sequence
phase, PMS) [Kippenhahn & Weigert (1990)] and central temperatures are lower
than that required to start the nuclear burning. As far as the star evolves if con-
tracts, thus increasing its temperature and starting to build up a radiative core. If
temperature at the bottom of convective zone, T} is lower than 2.1x10° K surface
lithium cannot be burned; otherwise is if 7}, > 2.1x10°% K lithium abundance on
stellar surface will decrease before the star reaches the Main Sequence.

Massive stars (M>1.4Mg) have an outer convective envelope in PMS which
moves fast outward; for this reason no significant depletion is expected on surface,
although lithium is burned at the very center of the proto-star. Less massive stars
have a deep convective zone which causes a PMS Li depletion. Many examples of
very young objects (Pleiades, 7 ~ 7-107 years) are known, and observative evidences
confirm these predictions.

Moreover these phases are very sensitive to different input parameters of the
stellar model: efficiency of external convection, equation of state (which influences
the depth of the convective envelope), and opacity. Thus changes in these parameters
within known variability ranges can help to reproduce the observations; it seems
more difficult to reproduce observations for different stellar objects using the same
input parameters.

In figure 1.6 observed abundances for Pleiades and « Persei are compared with

different theoretical models.

1.4.2 Main sequence

Low-mass Main Sequence (MS) stars are characterized by a convective envelope
which deepens as the stellar mass decreases. As for PMS stars, if T, < 2.1x10% K

and no extra-mixing is present, the lithium abundance remains constant to the value
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of the protostar nebula. For G and F? MS stars some observations are far to be fully
understood: Li abundance for G stars (e.g. the Sun) and F stars (e.g. the so-called

107 in open clusters) are not correctly described by present-day stellar

“lithium dip
models.
Pre-Ms and Ms Li depletion may also occur as a result of rotation in both Pop.
I and Pop. II stars [Pinsonneault et al. (1992)]. It must be stressed that rotational
models predict a small but observable Li abundance dispersion in halo stars, even
in the limit of identical age, mass and initial composition; observational evidence

seems to attribute the scatter of Spite plateau around a mean value as mostly due

to experimental errors [Spite et al. (1996)].

1.4.3 Open questions

The main uncertainties on the description of lithium depletion in population I stars

(and in population II, of course) in present-day models are the following:
1. opacities and equation of state used as input data for stellar evolution models;
2. lack of a quantitative description for the external stellar convection;
3. lack of a quantitative description for elements’ diffusion in stellar atmospheres;
4. the role of rotation and magnetic fields;

5. indetermination on the "Li(p,a)* He reaction cross-section at astrophysical

energies.

In particular we note how a better determination of "Li(p, @)*He reaction cross

section can give stellar models more confidence in lithium depletion predictions and

9 According to the standard astronomical notation stars with 6000 K < Tepp <7500 K
are commonly referred to as F stars while stars with 5400 K < T,;¢ < 6000 K are called G

stars [Cester (1984)].
10The low Li abundance for Pop I stars around T.ps=6700 K is usually referred to as

“lithium dip”.
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Figure 1.5: Lithium abundance versus T,y; trends for some open clusters, as well
as for halo dwarfs and the Sun. The most common features of these plots are also
indicated (observative data taken from [Michaud & Charbonneau (1991)]).

hence hints on which primordial value for lithium has to be adopted. Moreover its
determination is also important for the primordial nucleosynthesis as we have ex-

plained in section 1.4.

From the discussions above we can see how nuclear reactions involving lithium at
astrophysical energies are important for nuclear astrophysics, cosmology and stellar
evolution. We present in this thesis the experimental study of ®Li(d,«)* He and
"Li(p,a)* He reactions by using the Trojan Horse indirect method, at the energies
relevant for astrophysics. The obtained results will be compared with the presently

available ones and the astrophysical implications will be evaluated.
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Figure 1.6: Li abundances versus effective temperature and stellar masses for
Pleiades (circles) and « Persei stars (triangles), compared with theoretical mod-
els. The adopted models are: [Pinsonneault et al. (1990)] (solid and dashed lines,
respectively for 0.5 and 1 x108 years) and [D’Antona & Mazzitelli (1994)] (dashed-

dotted line).



Chapter 2

The electron screening effect in

Nuclear Astrophysics

Experimental and theoretical problems for cross section determinations at energies
relevant for astrophysics are presented in the following chapter. Attention will be

focused on the electron screening effect and its importance in nuclear astrophysics.

2.1 Cross sections at astrophysical energies

Nuclear reactions play a main role in many astrophysical environments; usually their
cross sections are relevant input physical parameters for many astrophysical models.
In the Universe, particles may interact by means of their thermal mean energy! (
which is of the order of few keV). Nuclear reaction between charged particles at such
low energies are strongly suppressed by the presence of the Coulomb Barrier whose
height (~MeV) is given, in CGS units by:

I Zye?

R,

ITn many astrophysical contexts particles can be described simply by a Maxwell-

Ec

Boltzmann energy distribution with mean energy E,, ~ kgT.

21
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with R,, the nuclear interaction radius, Z; and Zs the atomic numbers of the two
incident nuclei. Classically, only particles with energies higher than E. (the extreme

high energy tail of the Maxwell-Boltzmann distribution) may interact.

2.1.1 The penetrability factor

According to the quantum mechanics, a particle has a finite probability to penetrate
a barrier even if its energy is lower than the barrier’s height [Clayton (1983)]. We

may define the penetration factor through the Coulomb barrier as

IX(Ry)|?
IX(R.)|?

where R, is the interaction radius, R, the classical turning point and x(r) is the

T, = (2.1)

radial wave function. In this way the penetration factor represents the ratio between
the probability of finding the incident particle at R,, and that of finding it at R,

We can calculate it by solving the radial part of the Schrédinger equation:

Pxi | 2p

52 T lE = Vilr)ba(r) =0
with
I+ 1)h? 7y Z¢?

V=
2ur? r

that is the potential for the [-th partial wave. It may be shown [Clayton (1983)]
that 7T; can be expressed in terms of the Coulomb regular and irregular functions
(F;(R) and G;(R))as:

1

= mmyam

(2.2)

This expression can be approximated, for R=0 and /=0, giving the so-called Gamow
factor

T = e 2™

with the Sommerfeld parameter, n = Z;Zse?/hv, depending only on the relative

velocity of the two interacting particles and their charges.
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2.1.2 Reaction rate and the Gamow peak

The reaction rate is defined as the number of reaction a(A,b)B per unit volume per

unit time and is written in terms of the cross section o as:

TaA = Ngna < ov > (2.3)

1 + 5aA
where 0,4 is the Kronecker symbol and < ov > is the mean of the product ov over
all the possible energies, weighted over the Maxwell-Boltzmann distribution

B 1
14,4

TaA

Nana /0 " vo(v)$(v)do

being n, and n4 the number densities of particles a and A respectively.

The maximum of the integrand is reached at energy Fy:

W=

bk T 7
Ey = (—”) = 1.22(Z2Z3uT?) keV

2

with b = (2[1)%7T62ZGZA/77, and T = T/10% K. This energy correspond to the so-
called Gamow peak and represents the most effective energy for thermonuclear
reactions; usually it ranges from few keV to few hundred keV depending on both
the reaction and the astrophysical site in which the reaction takes place. As we
can see from picture 2.1 the Gamow peak has a finite width, which is referred
to as the Gamow window [Rolfs & Rodney (1988)]. We also note that the energy

corresponding to kT is lower than the centroid of the Gamow peak.

2.2 Direct measurements at astrophysical en-
ergies

In spite of the tunnel effect, the Coulomb barrier plays a key role in reducing the
cross-section at energies around Ey. Usually at energies corresponding to the Gamow
peak, cross section is less than few nanobarns (see [Rolfs & Rodney (1988)] for some

experimental examples). In such conditions, experimental measurements of cross
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Probability

E

Figure 2.1: The convolution of the Maxwell-Boltzmann distribution and the pen-
etrability factor defines the Gamow Peak, which is amplified in this picture. Its

corresponding energy is Ey.

section are a hard task. The number of detected particles in one second, N; depends

on the cross section o through:
Ny x o N; 7 AQ (2.4)

where 7 is the target thickness, Af) the solid angle covered by the detector and NV;
the number of incident particles per second.

Maintaining a constant A, Ny may be increased by using more intense beam
currents or thicker target. But an increase on the beam current would cause an
excessive target heating due to beam-energy dissipation; so gas targets have been
used, thus affecting the definition of the effective target-thickness. Moreover not

every element can be put in a gas target and damages for the detectors, in case of
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high beam current would be serious. Additionally a rather thick target will imply a
worse energy resolution.

Even if the number of detected particles (the “signal”) might increase by improv-
ing experimental skill, the “signal to noise” ratio can be, for nuclear astrophysics
experiments, so low (at lower energies) that no significant measure can be done.

Possible sources of noise can come from the cosmic and natural radiation back-
ground, from the electronic devices used, etc. Different ways have been suggested

in order to bypass this problem:
e the use of very low-radiating devices and very low-noise electronics;

e to perform nuclear astrophysics experiments in low-noise environments, as the

Laboratori Nazionali del Gran Sasso;
e the use of different kinds of indirect methods.

For these reasons, with the exception of few cases (e.g. [Bonetti et al. (1999)]),
in order to measure nuclear cross sections at astrophysical energies one needs to
extrapolate the cross section’s trend at lower energies. This is usually done by

defining the astrophysical S(E) factor.

2.2.1 The astrophysical S(E) factor

For charged particle nuclear reaction it is possible to factorize the cross section as:

o= %S(E)e_%"’ (2.5)
where 7 is the Sommerfeld parameter. The first term takes into account the wave
properties of quantum particles, e 2™ represents a rough approximation of the
Coulomb penetration factor, while S(E) is defined as the astrophysical factor. It
shows for many reactions a slight dependence on the energy (especially in compari-
son with the low energy cross section behaviour, see figure 2.2); this allows an easier

procedure for extrapolating the energy behaviour at astrophysical energies. If we
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Figure 2.2: Comparison between the energy behavior for cross section and astro-
physical factor. While the cross section has a dramatical energy-dependence the
astrophysical factor is practically constant.

substitute the definition of the S(E) factor in eq. 2.3 we obtain:

1 8 s [ E b
ad = ———nqana\| —(kT) 2 E _T dE
Tad = A w( oT) 2/o S(E)eap [ kyT \/E]

Extrapolation down to astrophysical energies is usually done by means of the S-
factor; the standard procedure consists in fitting the high energy data using an
appropriate theoretical function (in the simplest approximation a polynomial). Then
this is extrapolated to the astrophysical energies.

Anyway, the presence of low energy or sub-threshold resonances [Rolfs & Rodney (1988)]
and electron screening makes the extrapolation less reliable. In particular the con-
tribute of sub-threshold resonances to the astrophysical factor can be dominant at
astrophysical energies; for this reason their presence must be taken into account in
the extrapolations (see figure 2.3).

We will deal with the electron screening effect in the next section.
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Figure 2.3: S(E)-factor in the case of a sub-threshold resonance at energy -Ep; the
contribution of a broad and a narrow resonance are also sketched. The extrapolation
without taking into account the resonances represents only a lower limit of the S(E)-

factor.

2.3 The electron screening effect

Up to now we have considered the interacting nuclei as completely stripped of elec-

trons. In this way the Coulomb potential has an infinite range and takes the form:

21 Z€?
N r

Ve (2.6)

with Z; and Zy the interacting nuclei charges, r the relative distance and e the
electron charge. This holds for “bare nuclei”. But for nuclear reactions stud-
ied in the laboratory, target and projectile nuclei are always bound in neutral
atoms or molecules and ions. The interaction between nuclides and their elec-
tron clouds will cause the phenomenon referred to as the electron screening effect

[Assenbaum et al. (1987)], which produces an enhancement of the “bare” S(E) fac-
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tor at low energies by a factor [Engstler et al. (1992)]:

f(B) = 5 = el H) meHY)

where S; and S, are the shielded and the bare nucleus S-factor, respectively. We
will briefly explain the theoretical basis of this result in section 2.4. The expected
enhancement has been observed in several fusion reactions ([Engstler et al. (1992)]

and references therein) and has been studied both theoretically and experimentally

for various reactions. This effect is shown in figure 2.4 for the 7 Li(p, a)* He reaction.

&
O
1

S(E) - FACTOR (keV b)

Q.g' ‘04 0%
ENERGY E  (keV)

Figure 2.4: The S(E) factor for the “Li(p,a)?He reaction. The enhancement at
very low energies is visible [Engstler et al. (1992)].

It has been seen that the lower the interaction energy the larger this enhancing
factor is. In the next section we will see that what is needed for astrophysics is the
bare nucleus astrophysical S(E)-factor, S;(E), and again, even if direct measurements

are available in the Gamow window, extrapolations are needed in order to extract
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it from direct measurements by using

71'1]Ue)

Sy =8,-el "k

where S (F) is the measured (and shielded) S-factor.

2.3.1 Electron screening in stellar environment

For the high temperatures occurring in stars, atoms are generally completely stripped
of their electron clouds and one can imagine that electron screening has no effect on
nuclear reactions in stars. However nuclei are embedded in a sea of free electrons,
whose final effect is similar to the one discussed above, since free electrons tend to
cluster in the area surrounding a nucleus.

If kT is larger than the electrostatic energy between the particles, a stel-
lar gas is called “nearly perfect”. In this case it can be shown [Clayton (1983),
Rolfs & Rodney (1988)] that electrons tend to cluster into spherical shells around a
nucleus at the Debye-Hiickel radius Rp

T 1/2
Rp = L
4me2pN A&

where Ny is the Avogadro’s number and & = Y,(Z2 + Zi)%? the sum being over
all positive ions and X; the mass fraction of the i**-nucleus of charge Z;.

As for the laboratory, electron screening in stars enhances the charged particles
cross section and the thermonuclear reaction rates of a stellar enhancing factor

f*(F), according to the equation:

< ov >g= fY(E) <ov > (2.8)

This is, in general, different from the screening factor in the laboratory. It has to
be stressed that in order to have an astrophysically relevant information, the bare

nucleus reaction rate (hence the bare nucleus astrophysical factor) has to be known.
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Thus it is necessary to know the electron screening factor in the laboratory in order
to extract the bare nucleus S(E)-factor from the shielded one (eq 2.7). Then the
appropriate stellar screening factor (eq. 2.8) should be applied to that. Moreover,
understanding electron screening in the laboratory will give hints on stellar electron

screening and its theoretical description.

2.4 Theoretical description of the electron screen-
ing effect

The first descriptions of the electron screening effect and the first theoretical esti-
mates of the screening potential U, are based on the Born-Oppenheimer approxima-
tion. The assumption is that electronic degrees of freedom are well separated from
the nuclear ones, and that they are negligible as well. Models like these are very
simple since they don’t take into account the fact that spatial electronic distribution
can change during the collision of nuclei.

In such a simple model when a particle hits on a target nucleus, it has to pen-
etrate the effective Coulomb barrier that can be defined as the difference between
the bare nucleus Coulomb barrier and the screening potential (see figure 2.5):

_ Z1Z€?

‘/Eff = VCOUZ(T) - ‘/SC’I‘(T) - r - ‘/scr (29)

in a standard notation.

In this contest the penetration through a shielded Coulomb barrier at projectile
energy E' is equivalent to that of bare nuclei at energy F.r; = E + U,

By solving the Schrédinger equation in WKB (Wentzel-Kramers-Brillouin), see
[Satchler (1990)], approximation it is possible to express [Assenbaum et al. (1987)]

the enhancing screening factor in terms of:

_ 0(Bepy) _ cap — 2m1)(Fesy) Nerp | Ye
fle) = o(E) _(E/Eeff)< exp — 2mn(E) )N p< nE)

(2.10)
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Figure 2.5: Coulomb potential modified by the presence of orbital electrons
(shielded nucleus); the dashed line shows the shape of the bare nucleus potential.

where it has been used the approximation E,;; ~ E.

For energies E/U, > 1000 it has been shown shielding effects are negligible
[Assenbaum et al. (1987)]; thus above these energies the bare nucleus cross section
may be measured directly in the laboratory. At energies E/U, < 100, screening
effects cannot be disregarded in direct measurements and one essentially measures
a shielded cross section.

The value of the potential U, is usually estimated from approximate theoreti-
cal models that we will review in the next section. It can also be experimentally
measured from direct measurements or by using indirect methods; we will later deal
with the problems connected with the experimental determination of U,.

We will now examine few simplified descriptions of the screening effect [Bluge (1989)];
each one of these models provides an evaluation of the screening potential U,. For

simplicity’s sake it is assumed that the projectile nucleus is completely ionized while
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the target nucleus has Z electrons.

Rolfs’s model
In this model one assumes a surface distribution for the electronic charge, at a
distance rq, with r, the radius of the innermost electrons of the target nucleus.
Hence, for » > r, the potential acting on an incident particle is zero because of
atom’s neutrality, while for » < r, the barrier is reduced by the presence of electron
cloud (see fig. 2.5). So for the potential U, it is assumed [Bluge (1989)] that:
_ Z1Z€?

Ta

Ue

where Zy, Z5 are the nuclear charges of projectile and target respectively.

Bencze’s model

Bencze obtains, within the static approximation?, for U, the value [Bencze (1989)]:

o 3Z1 Z2€2
O 2r,

Ue
where 7,, the screening radius, has a numerical value of:
re = 0.8853a0(Z/% + Z2/%)~1/2

extracted from the atomic scattering studies by [Lindhar (1968)] and where aq de-
notes the Bohr radius. In this model the nuclear radius is considered nearly zero

and the electron charge is uniformally distributed in a spherical volume of radius r,.

2.4.1 Adiabatic and sudden approximation

Models described previously do not take into account the fact that, during the
collision, changes of the electronic charge distribution may occur. Thus models that

include a dynamical description of the process are needed. This could be one of

2The static approximation assumes an a priori electron distribution; within this hypoth-
esis the variation of electronic spatial distribution during the collision is not taken into

account.
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the reasons why predictions for U,, made through theoretical models based on the
Born-Oppenheimer approximation, are sensibly different from values extracted from
experiments (see next section).

For simplicity’s sake we will distinguish two opposite cases: the low-velocity case

(or adiabatic approximation) and the high-velocity case (sudden approximation).

Adiabatic approzimation (low velocity case)
When the motion of the nuclei is much slower than that of the electrons, during
the collision the electron wave function re-adjusts itself so that at any time it is an
eigenfunction of the two-center Hamiltonian. So it is possible to establish a corre-
spondence between the separate and the compound atoms wave functions, which
determines (see [Bracci et al. (1990)]) the energy transfer Uyq. It can be shown
[Bracci et al. (1990)] that in this approximation the screening potential Uyg is sim-
ply:
Uyg=EY + E® — g

where E() is the electronic binding energy for the first atom, E?) the second atom’s

one and E(©) the electronic binding energy for the compound atom.

Sudden approximation (high velocity case)
The case when the relative velocity of nuclei is much larger than the electrons’ one
can be discussed by using the sudden approximation, i.e. the electron distribution
at fusion time is almost the same as it was in the initial state. It can be shown that
the electron energy variation between the initial configuration and the fusion time
is simply due to the variation of the electronic potential energy once the nucleus Z;
is replaced by the compound nucleus Z; + Zs, the electronic wave function being
unaffected [Bracci et al. (1990)]. The energy fraction transferred to the relative

nuclear motion is found to be:

Z2e2 M-
Vs =< ¢V 3° 227 140 5 [1 72]

T - M+ M
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Target Projectile | U, (eV) U, (eV) || Target Projectile | U, (eV) Us (eV)

H p 20.4 13.6 "Li p 186 134
H d 20.4 9.1 | 3He d 119 54

Table 2.1: Adiabatic and sudden approximation results for some reactions of astro-
physical interest (taken from [Bracci et al. (1990)]).

the sum being over the electrons of the target atom, r; is the distance of the ith
electron from the compound nucleus and |¢5(1) > the initial state.

In table 2.1 some results for different reactions are reported for both the approx-
imations. Other dynamical models have been worked out, some of them using the
Time Dependent Hartree Fock (TDHF') method (see for example [Shoppa et al. (1993)]).
In figure 2.6 the trend of U, versus energy is plotted for the 3 He+d reaction: we
remark that at # ~ 0 the TDHF is consistent with the adiabatic approximation as

well as with the sudden approximation at higher energies.

2.5 Experimental determination of the screen-
ing effect

Experimental determinations of the screening potential U, have been performed for
a large number of astrophysically relevant reactions. The extracted value has been
compared with that calculated by theory, usually through the adiabatic approxima-
tion which is valid for astrophysical energies.

The procedure for extracting the potential U, from low-energy data is the fol-

lowing [Fiorentini et al. (1995)]:

1. high energy experimental data at E/U, > 1000, where the effects of electron
screening are negligible, are analyzed using polynomial fits or, if available,

nuclear reaction models in order to obtain an analytic expression for Sy(E);
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Figure 2.6: Trend of U, versus energy for the ®He(d, p)* He reaction according to
[Shoppa et al. (1993)]. We remark that at energies around zero it is consistent with
the adiabatic value U,=119 eV while at higher energies it agrees with the sudden
approximation, U,=54 eV.

2. the derived Sy(E) factor for bare nuclides is then extrapolated into the ener-

getic region where electron screening effects are expected;

3. the experimental shielded S;(E)-factor, at energies such that £/U, < 100,are
used together with equation 2.7 to fit data with U, as the only fit parameter.

It’s easy to understand that the extracted values for U, are sensitively dependent
on the assumed (and extrapolated) S,(E). So even if a measurement is performed
at astrophysical energies, extrapolations are needed in order to correct the S(E)
factor for the electron screening. Independent information on the bare nucleus cross

section would be needed for many charged-particle reactions indeed.

2.5.1 Applications

The method presented above has been applied to many reactions. Many experimen-

tal efforts have been devoted to the determination of the screening potential; we will
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briefly discuss the results obtained for lithium-depleting reactions [Engstler et al. (1992)]
and for the *He(d,p)* He reaction [Costantini et al. (2000)].

In figure 2.7 and 2.8 experimental data for 6 Li(d, a)* He and "Li(p,a)*He and
3He(d,p)* He are respectively reported. The extrapolated bare-nucleus astrophysical
factor (solid lines), Sy(E), and the fit including screening effects (dashed lines) are
plotted. The extracted screening potentials are compared to the predictions of the
adiabatic approximation in table 2.2. A systematic discrepancy can be observed for
U, for these three reactions; its explanations are currently under investigation.

In particular the possible solution can be found in one (or more) of these still

open research fields:

e Atomic physics: presently available models disagree with the experimental
determination. Are the adopted theoretical approaches and approximations

correct?

e A possible error-source for experimental data can be the extrapolation of
energy loss at astrophysical energies. Direct measurements of energy loss at
very low energies can help in obtaining a better estimate of the shielded S(E)-

factor and thus of U, [Langanke et al. (1996)];

e extrapolations from high energy experimental data to obtain the bare astro-
physical factor at very low energies, can introduce large uncertainties on the

fitted value of U,; an independent method to measure S,(E) is needed indeed.

In this thesis we present the Trojan Horse Method (THM) as a complementary tool
to obtain independent information on bare nucleus cross section. We will apply
this method to measure the bare nucleus astrophysical factor for ®Li(d, a)* He and

"Li(p,a)* He reactions and hence the screening potential.
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Figure 2.7: The S(E) factor for ®Li(d, &)* He and " Li(p, &)* He in direct and inverse
kinematic [Engstler et al. (1992)]. The fit to determine the screening potential is
also shown together with the bare nucleus Sy(E)-factor; data are obtained through

the use of (a) molecular hydrogen targets and (b) LiF solid targets (see text for
further details).

2.6 Electron screening effect and Lithium de-
pletion

As it is reported in [Castellani et al. (1996)] the value of the screening potential
for the "Li + p — o 4+ a may play a crucial role for the explanation of lithium
abundances in the atmosphere of solar-type stars (see chapter one). At the bottom
of the convective zone, physical conditions (in particular the inter-particle distance

and the electron velocity) are very similar to the ones of laboratory electrons. So,
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Figure 2.8: S(E) factor for the *He(d,p)* He reaction. A comparison is made
between data obtained using standard energy-loss (open dots) and data from

[Langanke et al. (1996)] (full dots). The dashed line represents the shielded nucleus
fit and the solid one the bare nucleus contribution.

at a first approximation it is possible to assume that U ~ Ul’:;gu, i.e. that the
stellar screening potential is similar to the laboratory one.
Under these assumption it can be shown [Castellani et al. (1996)] that the nu-
clear burning rate for lithium is:
p+Li

+Li ex
< )\gl ' > pp X T exp ( "5 Ty ) (2.11)

with pp, Ty, Xp, the density, the temperature and the hydrogen mass fraction at the
bottom of convective zone for a star of solar mass, while the exponent is @ =~ 19.7
for the "Li + p — a + « reaction.

It has been seen [Castellani et al. (1996)] that a value of U.,=600-700 eV fits
the observational data for the Hyades [Thorburn et al. (1993)] (see fig. 2.9) for stars
with T,y < 6400 K. This value can be compared with U,=300 eV of experimental
determination [Engstler et al. (1992)] and U,=186 eV of the adiabatic approxima-
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Target Projectile | Upq (€V) | Ueap (eV)
"Li 186 | 3004280
6Li 186 | 380250
3He d 119 130+9

Table 2.2: Comparison between the calculated screening

potential for adia-

batic approximation and the experimentally extracted one [Engstler et al. (1992),

Costantini et al. (2000)]. See text for more details.

tion.

It appears again necessary to perform an independent measurement for U, for

the "Li + p — « + o; this was done, as well as for the Li + d — a + a reaction, by

applying the indirect method of the Trojan Horse (THM).

The next section will deal with the bases of the THM and the theoretical formal-

ism which is necessary for extracting the bare astrophysical factor for the studied

reactions.
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Figure 2.9: Li abundance data for the Hyades dwarfs as a function of the effec-

tive temperature. The curves represents calculation for various values of Ue, (eV)
[Castellani et al. (1996)].



Chapter 3

The Trojan Horse Method: a
complementary tool for Nuclear

Astrophysics

Fracti bello fatisque repulsi

ductores Danaum, tot iam labentibus annis,
instar montis equum divina Palladis arte
aedificant, sectaque intexunt abiete costas.
AEN. L. II

As reported in the previous chapter, direct measurements have to face many
experimental difficulties as one tries to investigate very low energy regions (F¢n, <
100 keV). Nevertheless the presence of electron screening effects in the laboratory
makes extrapolation necessary at such energies, even if direct measurements are
available. The confidence to put in such extrapolation is of course linked to the
extension of the unexplored energy region.

For these reason many indirect methods have been proposed; Coulomb dissoci-
ation, transfer reactions and inverse reactions are nowadays used whenever it is not

possible to study a certain reaction in a direct way (see [Arnould & Takahashi (1999)]

41
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for an overview).
In this chapter we will deal with the Trojan Horse Method (THM) which has

been proposed in order to by-pass these experimental problems.

3.1 Quasi-free break-up

The “quasi free” reactions are direct three body processes characterized by the
presence of a “spectator” particle, s, in the exit channel, i.e. a particle that retains
the momentum it had in the initial channel [Satchler (1990)].

Such reactions can be sketched as:
A+a—CHc+s (3.1)

If we assume that the nucleus A has a high probability to be composed by two
clusters, i.e. A =1 @ s, we can define a “quasi-free break-up” process when, after
the break-up of particle A, the cluster s retains the same momentum it had in the
nucleus A. This process can be sketched, using a pseudo-Feynman diagram, as
reported in figure 3.1.

In this picture the upper pole represents the break-up of nucleus A into z and s
while the lower one describes the two-body interaction a(z, ¢)C. Usually the break-
up can take place either in the target or in the projectile; in some cases it takes

place in both target and projectile nuclei.

3.1.1 Sequential Mechanisms

In order to apply the Trojan Horse Method, which is based on a quasi-free break-up
process, one needs to separate this process from all the others which may occur
between the same target and projectile, giving the same particles in the exit channel
(e.g. the sequential processes). They may be described by means of a two step inter-

action, in which the final state is reached through an intermediate one, as sketched
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X

Figure 3.1: A pseudo-Feynman diagram for a quasi-free reaction; the nucleus A is
considered as composed of clusters z and s. See text for further details.

in picture 3.2. Although sequential processes are dominant within 3-body reactions,
under particular experimental cinematic conditions and in some energy regions, their
contribute can be distinguished and separated from the quasi-free one. In particular
sequential contribute is, in these cases, “noise” and must be removed during off-line
analysis. In picture 3.2 one of the possible sequential processes occurring in the

three-body reaction 3.1 is sketched.

3.2 The Trojan Horse Method

The method allows us to derive indirectly the cross section of a two-body reaction

of astrophysical interest
A+z—-C+ec (3.2)

from the cross section measurement of a suitable three-body process

A+a—C+c+s.
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A o

Figure 3.2: A possible 3-body sequential process which gives in the exit channel
particles s, ¢, C' through the formation of intermediate nuclei.

It was first proposed by G. Baur [Baur (1986)] as a tool to indirectly investigate at
very low energy the cross section of charged particle induced reaction. Following
the description reported in the previous section, the nucleus A is considered to be
dominantly composed of clusters = and s.

The energy in the entrance channel A + a should be chosen above the height
of the Coulomb barrier, so as to avoid the reduction in cross section due to barrier
penetration. At the same time the effective energy of the reaction between A and
z could be relatively small because the binding energy and the relative motion of x
inside A can compensate for the energy in the entrance channel, as it is sketched in
figure 3.3.

Since the transferred particle z is hidden inside the nucleus A, which acts like a
Trojan Horse, and the collision between a and z takes place in the nuclear interaction
region, the two-body reaction cross section is almost free from Coulomb suppression
and, at the same time, is not affected by electron screening effects. Moreover the
relative energy between A and a may be really small and allows to study the process

A(z,c)C at astrophysical energies.
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Figure 3.3: The interaction between z and a takes place at very low energy thanks
to binding energy and the relative z-s motion inside A.

3.3 Theory

The experimental application of the Trojan Horse Method, has been developed in
Catania; as a first approximation the PWIA [Cherubini et al. (1996), Calvi et al. (1997),
Spitaleri et al. (1999)] has been adopted as it will be explained in the following sec-

tion. The more recent formalism in DWIA [Typel & Wolter (2000), Spitaleri et al. (2001)]

will be reviewed in section 3.4.2.

3.3.1 Cross section in PWIA

In order to describe the THM theoretically, it is useful to use the Impulse Approxi-
mation [Chew & Wick (1952)]. The fundamental hypothesis on which it is based on

are:

e the incident particle never interacts strongly with both the constituents of the

system A at the same time;

e the amplitude of the incident wave falling on each constituent is nearly the
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same as if those were alone;

e the binding energy between s and z inside A is negligible.

In the Plain Wave Impulse Approximation (PWIA) [Satchler (1990)] the three-
body differential cross section may be expressed as [Jain et al. (1970)]:
__do dogy
dE.dQ.dQc asy

where KF is a kinematical factor, |gj(f{' s)|? is the momentum distribution of the

x KF-|g;(K,) (3.3)

spectator s inside A and dol,/dQ is the nuclear differential cross section for the
two-body interaction a + ¢ — ¢+ C.

Assuming that |gj(f{) s)|? is known and calculating KF from the experimental
and kinematical conditions, is then possible to derive do?, /d€Y’ from the direct mea-
surement of the three-body differential cross section, d®o /dE.d2.dQ¢c. Tt has to be
emphasized that the obtained dog, /d€) is the nuclear part, the Coulomb barrier be-
ing already overcome in the entrance channel according to what we have explained
above. So in order to get the “usual” two-body cross section it will be necessary to

multiply for the transmission coefficient through the Coulomb barrier:
do doN
R G, 3.4
Q2 zl: gy (8.4)
N
where GG represents the transmission coefficient for the [-th partial wave and dda—glz
is its related cross section [Cherubini et al. (1996), Spitaleri et al. (1999)]. This
empirical assumption have to be justified; in order to do this and to better elucidate

the connection between the three and the two body cross section a new formulation

in Distorted Wave Born Approximation (DWBA) has been introduced.

3.3.2 Formulation of THM in DWBA

The three-body differential cross section of the reaction A + a — C + ¢+ s can be

calculated with the help of the DWBA [Typel & Wolter (2000)] and written as
d3o

=~ — KF|Ty|? 3.5
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with a kinematical factor

KF =

(3.6)

— — -1 -1
HAaT e pcpg |:<sz pCc) . &:|
K Bs me

(27()5717 PAa B Pe
in standard notation for (relative) momenta and (reduced) masses. The T-matrix

element is written as follows
Ty = (X(L;)‘I’(c_c)¢b|VmS|X(AJ;)¢A¢a> (3.7)
with:

ng_) (where B=c@ C), XE:;) distorted waves;

b4, da, ¢s wave functions of the nuclei A, a and s, respectively;

\II(C_C) the full two-body scattering wave function;

e V.. he interaction between the transferred particle z and the spectator s.

Using the so-called “surface approximation!” (see [Typel & Wolter (2000)]) and
the plane wave approximation for the distorted waves, the three-body differential
cross section assumes the form

d3o 2 1672 wvoe do™HM

__ 9% _KF ‘W ) e 3.8
dEcdQcdS), (QBS) kaxQaa Vaz  dQag ( )
with momenta
= - ma -
hQaa = DPAa— msz (3-9)
= N mg o
hQps = DPBs — mpAa (3.10)

and the momentum distribution W(Q Bs) which is connected with the wave function
of A in momentum space. In fact we can express it in terms of the momentum

distribution of the “Trojan Horse particle” ® 4 by

2

2
W (Qps) = <EA - h% BS) D A(Qps) (3.11)

)

'In the surface approximation the wave function \IJ(CTC can be replaced by its asymptotic

form.
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with the binding energy E4 < 0. The momentum h@ Bs is directly related to the
momenta of the spectator and transferred particle after the breakup. The cross

section, written in terms of:

doTHM 2

1 A A -
(CC - am) = g Z(2l + l)Pl(QAa : kCC) [SIJ1(+) - 6((1:1:)(00)‘][( )]
¢l

bl

(3.12)

where 0 is the Kronecker symbol, looks similar to a usual two-body cross section

except for the functions Jl(i). They can be well approximated for our purpose by
I = DikarQ o R2T [Gy (oo R) £ iFy(Koy R)] (3.13)

where D is a constant, F; and G, are regular and irregular Coulomb functions, oy is
the Coulomb phase shift in partial wave [ and R is a cut-off radius originating from
the surface approximation. The argument of the Legendre polynomial P, is just the
cosine of the center-of-mass scattering angle for the two-body reaction.

The analysis is simplified if the reaction of astrophysical interest is a non-elastic
two-body process with different initial and final channels such that the Jl(_)—term
in eq 3.12 is zero. Assuming that only one partial wave [ contributes dominantly to
the cross section we find in this case [Spitaleri et al. (2001)]

d®o
dEcdQcd),

2006 do;
CP[ ICZ

(Cc — ax) (3.14)

with the usual on-shell two-body cross section d?ﬂz for the reaction C+c¢— a+ =z

in partial wave [ and a constant C;. The essential feature is the appearance of the

Coulomb penetrability factor

1
P(k.,:R) = 3.15

which compensates for the strong suppression in the two-body cross section at small
energies due to Coulomb repulsion. The obtained expression (3.14) is similar to
the result in PWTA which was applied in earlier applications of the THM (see eq.

3.3) and corresponds to the heuristic approach in PWIA where one also corrects the
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extracted two-body cross section for the effect of Coulomb penetration (see previous
section). Because of the factor C; and the surface approximation, the two-body
cross section can only be obtained with an arbitrary normalization but the essential
energy dependence can thus be extracted. Absolute cross sections can be obtained
by normalization to directly measured excitation function, at energies above the

Coulomb barrier.

3.4 Experimental applications of the THM

The main aim of the THM is to extract a two-body cross section at low interac-
tion energies from a three body one. In order to do this a kinematically complete
experiment must be performed; this means that energies angular position of two of
the outgoing particles and the energy of one of them, at least, must be known (as
well as particle identification). As we will extensively explain in the next chapters, a
THM experiment requires coincidence detection of particles ¢ and C' around suitable
angles, the so-called “quasi-free pairs®”; moreover a suitable Trojan Horse particle,
which has a high probability to be clustered into A = = & s, is required. From ex-
perimental data (energy and angular position of both ¢ and C), the relative energy
E.c can be calculated as well as the energy of the participant particle, FE, in the

“post form” prescription:

E:v = ECC - Q2b (3'16)

where Qg is Q-value for the two-body reaction.
Then applying equation 3.14 (or following equation 3.4 in the PWIA approach)
it is possible to obtain, apart from a normalization constant, the two body a + z —

¢ + C reaction cross section from the measured three body reaction one. The bare

2The angular conditions for ¢ and C, where the quasi-free process is more probable, are

referred to as quasi-free pairs.
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nucleus cross section is extracted after a normalization to the two-body direct data

at energies higher than the Coulomb barrier.

3.4.1 Validity test

As a first step data extracted via the THM must reproduce direct data at energies
above the Coulomb barrier. In figure 3.4 it is shown, as an example, the comparison
with direct data for the reaction "Li + p — o + «; within the experimental errors
the comparison seems fair enough [Zadro et al. (1989)].

The same methodology was applied to the study of the quasi-free scattering
6Li+'2C — a+'2C+d [Spitaleri et al. (2000)]; which allows to extract information
on the cross section for the elastic scattering a +'2 C — a +'2 C (see figure 3.5).

In both cases we see a nice agreement between direct and THM data over all
the explored energies. After this check it is possible to extend measurements at

astrophysical energies.

L L B L k] ¥

i 1 B I | - |

2 3 4 S G 7
Ep(MeV)

Figure 3.4: Comparison between the indirect (full dots) and direct data (solid line)
for the "Li+p — a+ a reaction (taken from [Zadro et al. (1989)]) at energies above
the Coulomb barrier.
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Figure 3.5: Comparison between the indirect (full dots) and direct data (solid line)
for the scattering 2C + a — a +'2 C (taken from [Spitaleri et al. (2000)]).

3.4.2 Applications

We remark the independence of the THM from direct data; however THM has to be
seen as a complementary tool in experimental nuclear astrophysics because direct
data are needed at energies above the Coulomb barrier for normalization procedure.

It has already been applied to the indirect study of various reactions at astro-

physical energies. Here we report some examples:

e the Li +d — o+ a (figure 3.6) reaction studied via the three-body reaction
6Li +5 Li — a + a + a [Cherubini et al. (1996)];

e "Li+p — a+ a (figure 3.7) reaction studied via the "Li +d — a+ a +n
reaction [Calvi et al. (1997), Spitaleri et al. (1999)].

In pictures 3.6 and 3.7 it is possible to see a satisfying agreement between direct

data [Engstler et al. (1992)] and the Trojan Horse one. In particular in pictures 3.6
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Figure 3.6: Comparison between the indirect [Cherubini et al. (1996)] and direct
data [Engstler et al. (1992)] for °Li +d — a + a.

and 3.7 it has to be stressed how data suffer large error-bars; however the agreement
between the three pair of data is nice within the experimental errors.

In order to improve these results and obtain more reliable astrophysical infor-
mation, new measurements have been performed for °Li + d — « + « reaction and
other data have been analyzed for "Li + p — « + « reaction. These results, which
constitute the main experimental achievements of this thesis, will be discussed in

the following chapters.
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Figure 3.7: Comparison between the indirect [Spitaleri et al. (1999)] and direct
data [Engstler et al. (1992)] for "Li +p — a + a.



Chapter 4

Indirect study of the °Li(d, a)*He

reaction

One of the possible destruction mechanisms of 6 Li in the framework of the Inhomoge-
neous Big Bang Nucleosynthesis is the 6 Li(d, a)? He reaction [Applegate et al. (1988),
Malaney & Fowler (1988)]; the energy corresponding to the Gamow peak, in these
astrophysical conditions, is F¢p, ~ 300 keV. A new experimental approach, based
on the Trojan Horse Method will be presented in the following sections in order to
measure the bare nucleus S(E)-factor and the electron screening potential for this
process.

Data concerning the 6Li(d, o)* He are extracted from a suitable three body re-
action, $Li(°Li, aa)* He; in particular it will be assumed that % Li, which has a high
probability to be clustered in °Li = o+ d [Jain et al. (1970)], behaves like a Trojan
Horse, either in the target or in the projectile. The beam energy, E,=5.9 MeV, was
chosen higher than the Coulomb barrier, in order to fulfill the THM hypotheses (see

chapter 3).

o4
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4.1 Experimental setup

The experiment [Spitaleri et al. (2001)] was performed using the EN Tandem Van
de Graaff accelerator at the Institut Rudjer Boskovié¢ in Zagreb. A SLi2* beam at
5.9 MeV was used to bombard an isotopically enriched SLizO target (125 pg/cm?
thick), evaporated onto 20 ug/cm? carbon backing and oriented with its surface
normal at 50° with respect to the beam axis. The beam current ranged between 10
and 15 particle nA and the beam spot on target after collimation had a diameter
of about 2 mm. A silicon detector (monitor), placed at 6=40°, was used to detect
the elastically scattered particles, thus allowing for a continuous monitoring of the
target thickness during the experiment.

Since the Q-value for ®Li(5Li,ar)*He (Q=20.896 MeV) is much larger of other
possible three-body reactions occurring on lithium, carbon, oxygen or impurities in
the target, the a-« coincident events are kinematically well separated and no particle
identification was needed. The outgoing a particles were therefore detected using
three 50 x 10 mm? silicon position sensitive detectors (PSD) centered at opposite
sides of the beam axis at angles of 60° (PSD1), —73° (PSD2) and —103° (PSD3),
as reported in table 4.1 (see also figure 4.1).

The choice of these angles was determined according to the three-body kinemat-
ics for the emission of the two « particles in the quasi-free assumption of a break-up
process either in the target or in the projectile. In order to increase the solid angles
with respect to the previous measurement [Cherubini et al. (1996)], the detectors
were placed closer to the target and covered solid angles AQ; = 13.3 msr (PSDI)
and AQy = AQ3 = 13.3 msr (PSD2 and PSD3).

The angular range covered by each detector (Af ~ 14°) correspond to momen-
tum values of the undetected “spectator” a particle ranging from ~ —100 MeV/c
to ~ 100 MeV/c for both QF processes. This ensures that the bulks of the two
quasi-free contributions fall inside the investigated regions. Detector signals were

processed by standard electronic chains and sent to the acquisition system which
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Detector || Angle (deg) | Angular range (deg) | Distance (cm) | Solid angle (msr)
PSD1 60 53+67 19.4 13.3
PSD2 73 66--80 19.5 13.3
PSD3 103 96110 19.5 13.3

Monitor 40 39.5+40.5 18.3 ~1

Table 4.1: Angular position, distances and solid angles for the three PSD’s
and the silicon detector used in the experiment.

allowed for the on-line monitoring of the experiment and the data storage on mag-
netic tape for off-line analysis. Coincidences of detector PSD1 with either PSD2 and

PSD3 were taken as well as single events of the monitor detector.

4.2 Calibration of PSD’s

A position sensitive detector, PSD, supplies information both on the position and
the energy of the detected particle. The detectors, whose thickness was 500 pm,
were chosen in order to stop completely the detected alpha particles within their
sensible volume. The relative error in energy signal was 0.8% while in the position
was 1%.

In order to calibrate the detectors both in position and energy, data were taken
using an Americium a-source (£,=5.486 MeV), elastic scattering on Au and C at
energy Ey=5.9 MeV, as well as the reaction 2H (6Li,a)*He. A typical position

versus energy matrix is plotted in picture 4.2 for PSD1.

4.2.1 Angular calibration

For the angular calibration a grid was used with 18 equally spatiated slits; the

matrix obtained after such a calibration run is reported in fig. 4.2. Central angular
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Figure 4.1: Experimental setup of the 6 Li(6 Li, aa)* He experiment discussed in the
text.

position of each detector 6y was measured using a theodolites; The angular position

corresponding to each slit can be calculated by means of trigonometrical identities

once the slits’ spacing and distances from the detectors to the target are known.
For PSD the following relation has been applied to relate the position and energy

signals:
_P-D
 E-E,

T

where z is the energy-independent linear position and Py and Ejy are constant off-set

to be determined using a fit.
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Figure 4.2: Position-energy matrix for detector one (calibration run); the 18 slits
are clearly visible.

The angular calibration was performed using the correspondence between the

position x; of the i-th slit and the corresponding angle 6;. The relation
0; = g + arctglei (z; — 20) + co(z; — 20)?]

was used with ¢y, ¢9, z¢ constants that must be calculated by means of a best fit.
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4.2.2 Energy calibration

As a first approximation a simple linear relation between the PSD signal and the
detected particle energy was used for the energy calibration. Further corrections
were added to take into account the dependence of the energy signal from angular
position. In order to establish the calibration parameters a fit was performed using,
as calibration peaks, those belonging to the reactions cited above.

Energy loss in the target was also taken into account; in particular it was assumed
that reactions take place at half target. The effective path was considered, taking
into account the target beam-axis angle and the alpha’s emission angles.

In picture 4.3 the calibrated angle-energy matrix is plotted for PSD1 for the

same run as in fig. 4.2.

4.3 Data analysis

The first step one has to perform in the data analysis is the identification of the
Li(°Li,cr)*He and the separation of its contribution from that of other reactions
that may take place within the same target. Due to the high Q-value (Q=20.896 MeV),
the Es versus Eq plot for the PSD1-PSD2 coincidence shows a kinematic locus which
appears well separated from those corresponding to other possible contributing reac-
tions (see fig. 4.4). This kinematic locus was then selected by means of a graphical
cut and the corresponding events used for further analysis. The same was also done
for the coincidence between detectors PSD1 and PSD3.

Moreover the Q-value spectra have been calculated event by event in order to
check the calibration procedure and to help to discriminate the SLi(%Li,ac)*He from
other reactions. A typical spectrum is shown in picture 4.5 and the events which

have been analyzed were those corresponding to the peak at Q=20.896 MeV.
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Figure 4.3: Calibrated position-energy matrix for PSD1 for a calibration run.

4.3.1 Angular correlations and relative energy spectra

All the coincidences between the detectors PSD1-PSD2 and PSD1-PSD3 were ana-
lyzed In order to check the presence of the quasi-free contribution angular correla-
tions were produced. Angular correlation spectra were obtained by fixing one angle
at a fixed value and considering different angles for the other detectors.

Figure 4.6 shows the angular correlation for coincidences between PSD1-PSD2
detectors is reported: in this case the angle of the first particle is fixed (#;=60°%0.5°)

and 70° < 0y < 77°. As it was expected for a quasi-free mechanism [Spitaleri et al. (2001)]:
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Figure 4.4: The kinematical locus of the ®Li(°Li,aa)*He reaction for PSD1-PSD2
coincidences. The graphical cut is also shown.

e at the quasi-free pair, 6;=60° 65=73° an enhancement is seen in correspon-

dence of the condition' p,=0 MeV /c;

e the peak vanishes as one moves far from the quasi-free pair. The same be-

haviour was observed for all the angular correlation spectra.

Spectra in relative energy Eqs have also been plotted and in order to discriminate

!The impulse distribution of the spectator in °Li is peaked around p,=0 MeV/c
[Lattuada et al. (1988)]; this corresponds to the quasi-free condition for lithium target
break-up.
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Figure 4.5: A typical Q-value spectrum. The large peak (at 20.896 MeV) corre-
sponds to the Li(6Li,ar)*He reaction.

possible contributions from sequential decays, cuts on ps; were taken, around the
position p;=0 MeV/c. As it is shown in figure 4.7 a large peak is present in corre-
spondence of the quasi-free conditions, |ps| < 35 MeV/c. As we move to different
kinematic conditions (e.g. [ps| > 50 MeV/c, see fig. 4.8) the peak decreases its
intensity showing that sequential contributions can explain only a small fraction of
the detected events.

From this evidence, from the width of the extracted momentum distribution and
from the dependence of relative energy on pg, we can conclude that at the specified

angular pairs the quasi-free contribution is the dominant one.

4.3.2 Excitation function of the °Li(d, a)*He reaction

In figure 4.9 the three-body differential cross section, for target break-up, is plotted

(full dots) in arbitrary units as a function of the interaction d-6Li energy, defined
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Figure 4.6: Angular correlation spectra for #;=60°+£0.5°, and 70° < 6; < 77°. The
arrow marks the energy corresponding to zero spectator momentum.

by eq. 3.16:
Ey 61, = E12 — Qu

with Ei5 the relative energy of the two detected alpha’s and ()9 the Q-value for the
two body reaction (for the ®Li(d, a)* He reaction Q = 22.372 MeV). It was obtained
by selecting the events within the specified kinematic locus and the condition pg <
35 MeV/c. A comparison is made with data extracted from projectile break-up,
whose data are shown as empty dots.

The two data-sets seem to be in agreement (except for a normalization constant)
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Figure 4.7: Relative energy Eq9 spectrum for events with |ps| < 35 MeV/c.

as it was expected. This cross-check confirms the analysis which has been performed
for both cases; moreover the two different data-sets carry two independent estimates
which will be averaged, thus improving the significativity of the mean S-factor ex-

tracted.

4.4 Extraction of the astrophysical S(E)-factor

The astrophysical S(E)-factor, which has been defined according to equation 2.5, has
been extracted for the 6Li + d — « + « reaction, both for the target and projectile
break-up case.

Using the definition of the astrophysical factor (formula 2.5) in equation 3.14
and assuming a dominant s-wave contribution [Cherubini et al. (1996)] one obtains:

d3o

2 Co ri—d)kri—a _exp (=2mni_a)
B, 0, A,

AT proraskaras Fri—aPo(kri—a. R)

=KF W(Q(awu)d) S(EL’i—d)

(4.1)

with notation introduced in chapter 3.
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Figure 4.8: Relative energy Eqo spectrum for events with |ps| > 50 MeV/c.

A Monte Carlo simulation of the experiment was performed in order to cal-
culate dEald‘g% from 4.1; a constant S(E)-factor was assumed and all cuts in
energy and scattering angle for the detected « particles, as given by the detector
setup, were taken into account. Additionally, only events with spectator momenta
Ipa| < 35 MeV /¢ were selected. The inter-cluster momentum distribution of the ¢ Li
(the “Trojan Horse” particle), which is needed in order to calculate W(Q'(alm)d) ’
(see equation 3.11) is given by [Spitaleri et al. (2000), Spitaleri et al. (2001)] and

references therein:

C 2
e . q
Pr(@l” =177 v ¥ 3555 fm 2

with ¢ the relative momentum of the « and d clusters inside 6 Li.
We also assumed a cutoff radius R = 4.3 fm which is calculated from the param-

eterization
1 1
R =g <Azi+A§) . (4.2)

with rg = 1.4 fm.
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Figure 4.9: Three-body differential cross section plotted as a function of the d-6Li
interaction energy for the condition |ps| < 35 MeV/c (full dots) for data extracted
from target break-up. The open dots represent data extracted from the projectile
break-up.

In order to get the energy dependence of the astrophysical S(E)-factor, the ex-
perimental three-body differential cross section (see figure 4.9), extracted for both
sets of data (target and projectile break-up), was divided by the simulated one,
inverting formula 4.1.

Statistical errors of the Monte Carlo Simulation were considered included in the
errors relative to the S(E)-factors. These were normalized (e.g. fig. 4.10) to the
direct data [Engstler et al. (1992)] in the energy range 600— 700 keV, where the elec-
tron screening effects are negligible and the two data sets are expected to overlap. In
figure 4.10 the S(E)-factor of the °Li(d,a)*He reaction obtained in the THM (target

break-up) is compared with data from direct measurements [Engstler et al. (1992)].
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In figure 4.11 the S(E)-factor of the 2H(%Li,a)*He reaction obtained through the
THM, from target and projectile break-up data, are compared after separate nor-

malization.
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Figure 4.10: Astrophysical S(E) factor for the 6Li(d,a)* He reaction. Data ex-
tracted, via THM, from target break-up (full dots) are compared to the direct data

[Engstler et al. (1992)] represented by open symbols; the two data-sets are normal-
ized between E= 600700 keV.

The total mean, weighted over respective errors, was calculated for data ex-
tracted from target and projectile break-up; thus the experimental errors were re-
duced due to an improved statistics. These results are plotted and normalized in
figure 4.12 to direct data [Engstler et al. (1992)]. Following the discussion in chap-
ter 3 it is possible to explain the discrepancy between the two data sets at energies
E4 <100 keV by taking into account the electron screening effect in direct data

(chapter 2). As already stressed, the THM gives directly the bare nucleus S-factor
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Figure 4.11: Astrophysical S(E) factor for the ®Li(d,a)* He reaction. Data ex-
tracted, via THM, from target break-up (full dots) and projectile break-up (open
symbols) are compared.

and no correction for the electron screening is needed in the data.
A polynomial fit of the averaged data was performed using a second order poly-
nomial expression

S(E)=S8(0)+S-E+ Sy E?

this is plotted as a dashed line in picture 4.12. The mean parameters, together with
the ones corresponding to fits to target and projectile break-up data are reported in
table 4.2.

Different values of the cut-off radius R (different from R=4.3 fm) were also used
to extract the astrophysical factor; in table 4.3 we report the fitting parameters for
three different choices. As stated in [Spitaleri et al. (2001)] the extrapolated S-factor

at zero energy, S(0), remains in the range from 15.2 to 16.9 MeV-b, while changing
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Figure 4.12: Astrophysical S(E) factor for the 9 Li(d, a)* He reaction obtained from
the weighted mean of data extracted from target and projectile break-up (full dots).
The dashed line represents a second order polynomial fit. The direct data (empty
dots) taken from [Engstler et al. (1992)] are also shown for comparison.

R from 3.7 to 4.3 fm. This shows the sensitivity of the indirect method to changes
in the parameter R; since the cut-off corresponds to the interaction radius in the

6Li + d system the largest value R=4.3 fm was chosen according to [Evans (1969)].
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Coefficients target break-up | proj. break-up mean
S(0) (MeV-b) 16.9£0.5 16.7£0.5 16.91+0.5
S1 (b) -39.9 -43.0 -41.6
Sy (MeV~1.b) 26.1 30.2 28.2

Table 4.2: Fitting parameters for the S(E)-factors extracted from target and
projectile break-up; the parameters of the fit to the weighed mean are also
reported in the third column.

Coefficients R=37fm |  R=40fm | R=4.3fm

S(0) (MeV-b) | 15.240.5 16.1+£0.5 16.940.5
Sy (b) -33.2 -36.9 -39.9
Sy (MeV~1.b) 19.9 23.6 26.1

Table 4.3: Coefficients of a second order polynomial fit on the S(E)-factors
extracted from the target break-up [Spitaleri et al. (2001)], according to the

different values of cut-off radius used for the calculation.



Chapter 5

The ‘Li(p,a)*He reaction studied
via the THM

The same analysis performed on the 6Li + d — o + o experiment, was used for the
"Li+p — a+ a, a crucial reaction in astrophysics (see chapter one). In order to
measure the bare astrophysical factor as well as the electron screening potential for
the "Li +p — a+ a, the three-body reaction, "Li +d — a+ a+n (d is the “Trojan
Horse particle”) has been chosen.

The Gamow peak for the "Li + p — « + « reaction corresponds to a range
FEcp =4 + 250 keV:; thus it is necessary to correctly evaluate the electron screening

effect in this energy range.

5.1 Experimental set-up

The " Li+d — a+a-+n reaction was studied in a first experiment [Calvi et al. (1997)]
at Er;; = 20 MeV, using ionization chambers as transparent A-E detectors in front
of the PSD’s at 0, = +45°(% 2°) and - 45°(+ 2°) with respect to beam axis.
However, due to the high Q value of the "Li(p,a)*He reaction, the condition of a-a

coincidences alone has shown to provide already a good separation of the events of

71
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interest, even without particle identification.

Thus, a second experiment that is described here, was performed using only
PSD’s, which allowed in turn for an improved energy resolution.

In figure 5.1 the experimental set-up is shown. The 15MV SMP Tandem Van
de Graaff accelerator of the Laboratori Nazionali del Sud - Catania, provided a
"Li-ion beam at energies 19, 19.5, 20, 21, 22, and 25 MeV and typical current 10
particle nA. The energy spread of the beam was about 10™*% and the spot on target,
after collimation, had a diameter of ~ 1.5 mm.

During the experiment several deuterated polyethylene targets had to be used be-
cause of deuterium degradation problems; their thickness (average value ~250 pg/cm?)
was determined using an Am source. Target thickness was constantly monitored us-
ing a silicon detector placed at a distance d=>50.5 cm from the target and at § = 18.5°
with respect to the beam axis, in order to detect the elastically scattered particles.

The reaction products were detected by using a set of 6 PSD’s, centered at mean
laboratory angles 0;,, = +44° (£ 3°), +34° (£ 5°), 23° (& 5°), -45° (£ 3°), -55°
(£ 5°) and -65° (£ 5°), where the number in brackets indicate the angular range
covered (see table 5.1).

The central angles for the 6 PSD’s were chosen by calculating the quasi-free pairs
for the selected beam energies. The good angular resolution, typically 0.1° for each
PSD, is needed for an improved analysis using the THM. Coincidence events were

recorded between all pairs of detectors placed on opposite sides of the beam axis.

5.2 Calibration of the PSD’s

The signals coming from the detectors were processed by using standard electronic
chains and sent to the acquisition system which allowed the on-line monitoring of
the experiment and the storage of data on magnetic tapes for later data off-line
analysis.

At the initial stage of the measurement, position calibration runs where per-
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Figure 5.1: Experimental setup of the " Li(d, aa)n experiment discussed in the text.
The positions of the detectors are reported in table 5.1.

formed placing grids, each one with 16 equally spaced slits in front of each PSD. In
figure 5.2 a typical position versus energy matrix is reported for PSD1. A correspon-
dence between position signals from the PSD’s and angles of detected particles was
therefore established as explained in chapter 4. Energy calibration was performed
by means of a standard three-peak alpha source at energies of 5.155, 5.484 and 5.806
MeV. At higher energies the elastic scattering of “Li on carbon, deuterium and gold
was employed at beam energies of 15, 20 and 25 MeV. We refer to the previous

chapter for further details on angular and energy calibration, being the adopted
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Beam energies (MeV) Detectors Angular ranges | Distance (cm)
19, 19.5, 20 PSD3 + PSD6 | 18°+28° -60°=-70° 40
PSD2 + PSD5 | 29°+39° -50°+-60° 40
PSD1 =+ PSD4 | 41°+47° -42°-+-48° 75

Table 5.1: Experimental conditions for the "Li + d — o + a + n experiment

discussed in the text.

procedure the same.

A typical calibrated position-energy matrix is shown in figure 5.3 for PSD1.

5.3 Data analysis

Coincidences between PSD1-PSD4 and PSD2-PSD5 have been analyzed for all the
available beam energies during this thesis work, in order to extract the bare astro-
physical S-factor and the electron screening potential.

Data analysis has been performed using the same procedure of that for ¢ Li(d, «)* He
reaction so we will frequently refer in the following to chapter 4.

Due to the high Q-value of the " Li(d, aa)n (Q=15.121 MeV) it has been possible
also in this case to separate the contribution for this reaction from all the others
occurring in the target. Via the same strategy reported in chapter 4 (see also
[Spitaleri et al. (1999)] we have selected the kinematical locus of the 7Li(d, aa)n
3-body reaction reported in figure 5.4.

A large peak is always present in correspondence of the 3-body Q-value of
"Li(d, aa)n reaction. In figure 5.5 the Q-value spectrum for the coincidence be-
tween PSD1 and PSD4 at a beam energy of Ep=20 MeV is reported, and the peak
at 15.121 MeV is clearly visible.
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Figure 5.2: Position-energy matrix for PSD1 (calibration run, with grid).

5.3.1 Relative energy spectra

In order to distinguish the quasi-free contribution from sequential reaction mecha-
nisms and to put in evidence possible contributions from formation of #Be and He
respectively, projections have been performed on the variables E19 (relative energy
between the two outgoing « particles), Ei3 and Ey3 (relative energy between the
neutron and each of the « particles). From such an analysis it has been found that
the reaction 2H("Li,aq)n mainly proceeds through formation of the 16.6 and 16.9
MeV levels of the 8Be* as expected for the energy and angular conditions of the

present measurement [Warner et al. (1987)].
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Figure 5.3: Calibrated position-energy matrix for PSD1 (calibration run, with grid).

The same procedure described above has been applied to PSD1-PSD4 and PSD2-
PSD5 coincidences, for each beam energy: similar spectra have been obtained
for events where a quasi-free contribution is expected. However, a small con-
tribution, due to 5He formation, has been observed in coincidences PSD3-PSD6
[Spitaleri et al. (1999)] and could overlap the energy region of the quasi-free mech-
anism. Therefore, in order to reduce the chance to have a systematic error related
with the subtraction of such a contribution, only data analysis of coincidences be-
tween PSD1-PSD4 and PSD2-PSD5 has been worked out in this thesis.

In order to select the quasi-free contributions from other reaction processes a

momentum p, of the neutron spectator, p; <40 MeV /c, has been chosen. Moreover
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Figure 5.4: Kinematical locus for the " Li(d, aa)n in a Ey vs. Ey coincidence matrix
between PSD1 and PSD4 (E,=20 MeV).

only events whose a« relative angle matches the quasi-free condition were considered
(see table 5.2).

In fact, as we have seen in the previous chapter for the 6Li(d, o)*He reaction,
the restriction to low p; (e.g. ps < 40 MeV/c) reduces the contribution of sequential
processes to few percent of the total number of events [Lattuada et al. (2001)]. This

is shown in figure 5.6.
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Figure 5.5: Q-value spectrum for the coincidence between PSD1 and PSD4 (FE,=20
MeV). The large peak is in correspondence of Q=15.121 MeV.

5.3.2 Three body cross section

In figures 5.7 the three-body cross section is plotted for Ey=20 MeV and for PSD1-
PSD4 and PSD2-PSD5 coincidences. In such projection the variable

E,=FEi2 — Qu

is adopted, as already defined in chapter 4 (here QQ2,=17.346 MeV, Q-value of the
two body "Li(p,a)*He reaction). The two sets of data (which are normalized to
each other) agree fairly well, thus confirming the validity of the analysis performed.
Results for other beam energies show the same trend and agree pretty well with the
data at Fp=20 MeV.

These three-body excitation functions will be used for the extraction of the S(E)-

factor, by using all the available data as it will be explained in the following section.
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Beam energy (MeV) | Quasi free pairs (61 + 62)

19 91.5
19.5 90.8
20 90.2

Table 5.2: Quasi free pairs, in terms of 6; + 65 for the different beam energies
used in the experiment.

5.4 Extraction of the bare nucleus S(E)-factor

The bare nucleus astrophysical factor for the " Li(p, «)*He has been extracted from
the whole data set via the THM. The procedure is the same as that adopted for the
6Li(d, o)*He (chapter 4).

We have assumed a Hulthén wave function for the deuteron ground state

abla+b) 1 _ b
&7 _ arp—n _ Tp—n
(Tp=n)a 2m(a — b)2rp_p (e ¢ )

with parameters a = 0.2317 fm~! and b = 1.202 fm ! [Zadro et al. (1989)] and find

the following result for the momentum wave function

(D(Q)(alaz)n)a = %\/ a(l;(,a—;r)g) :

1 1

2 2
(ajag)n (ajag)n

The parametrisation leads to a full width at half maximum of 57.4 MeV for |®,|?.
It has been already used in earlier applications of the THM [Spitaleri et al. (1999),
Aliotta et al. (2000), Spitaleri et al. (2000)].

Thus using formula 4.1, through the same procedure already adopted for the
6Li(d, a)*He and described in the previous chapter, we extract the bare astrophys-
ical factor, Sy, for all the available energies and angular couples. We have assumed
the cut-off radius R was calculated using the same parameterization and the same

value for 7 as reported in equation 4.2 for the 5Li case.
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Figure 5.6: Coincidence events between the two « particles in the THM reaction
"Li(d,aa)n at Er;; = 20 MeV for detectors at )4, = 45°+ 0.75° and -45°+ 0.75°, as
a function of relative energy E19 between the two a particles. The solid histogram
shows the results restricted by the condition of a low spectator momentum (py < 40
MeV/c) and represents predominantly the case of the quasi-free process. Without
this restriction, the energy region of the quasi-free process overlaps with the energy
region of the sequential decay via the 16.6 and 16.9 MeV states in the compound
nucleus ®Be.

In figure 5.8 the normalized Sy is plotted for Ey=19, 19.5, 20 MeV. THM data
were normalized to the direct ones [Engstler et al. (1992), Rolfs & Kavanagh (1986)]
in the energy range E, = 300 < 400 keV.

The deduced S, values, weighted average of all results, are plotted in figure 5.9
together with direct data from [Engstler et al. (1992)]. The normalization was car-
ried out at energies E,=300-400 keV. The THM has already been tested at energies
above the Coulomb barrier as it is shown in figure 3.4

In figure 5.10 a theoretical curve from [Aliotta et al. (2000)] is shown; this was

obtained from a fit with a superposition of direct and resonant contributions to the
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Figure 5.7: Differential three-body cross section extracted for E,=20 MeV with
ps < 40 MeV/c. Data from PSD1-PSD4 (diamonds) and PSD2-PSD5 (circles) are
compared.

direct experimental data for E, >100 keV.

Using the already known polynomial expression
S(E)=S(0)+S-E+ Sy E?

to fit the S, data as it is shown in picture 5.9 (dashed line), we obtain the pa-
rameters reported in table 5.3. In this table fitting parameters for the different
beam energies are also reported together with a comparison with older data from
[Calvi et al. (1997)]. The mean zero-order coefficient is S(0)= 55+3 keV b, where
the quoted error represents the statistical one. The indirect data set also suffers
from a systematic one, whose value is around 10%, arising from the normalization
procedure.

THM data can be compared with previous estimates of the bare astrophysical

factor from [Engstler et al. (1992)] which measured S(0), =~ 58 keV b, the same
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Figure 5.8: Bare astrophysical factor, S, extracted from THM experiment at differ-
ent beam energies: E,=19 MeV (triangles), E=19.5 MeV (diamonds) and E,=20
MeV (full circles).

value suggested by a recent R-matrix fit performed by F. Barker [Barker (2000)].
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Figure 5.9: Bare astrophysical factor, averaged over the whole data-set compared to
the direct measured one (diamonds) taken from [Engstler et al. (1992)]. The dashed
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Figure 5.10: Bare astrophysical factor, averaged over the whole data-set. The solid

line represents a theoretical calculation performed in [Aliotta et al. (2000)].
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[Calvi et al. (1997)]¢ Present work”

Epeam  (MeV) 20 19 19.5 20 | Mean

5(0) keV b] 53 + 13 57+8 5546 5543|5543

Sq [b] 210 214 214 209 210

So  [keV! D] 2386 422 -356 304 | -310

¢ Coincidences between one detector pair

b Weighted average of coincidences between nine detector pairs

Table 5.3: Fit parameters of the polynomial expression S(E)= S(0) + S;-E +
Se- E? applied to the THM data (E in units of MeV).




Chapter 6

Results

As already discussed in chapter 3 the THM offers the possibility to measure di-
rectly the bare nucleus astrophysical factor. By comparing the directly measured
(screened) and the bare nucleus astrophysical factor (given by the THM) one may

evaluate the screening potential U, applying:

m’]Ug)

Sy = S - el 7F (6.1)

with Sg and S7pps the screened and bare S(E)-factor respectively and 1 the Som-
merfeld parameter.
From this comparison a model-independent experimental estimate of the screen-

ing potential may be inferred.

6.1 Extraction of the electron screening po-

tential for the °Li(d, a)*He reaction

This procedure has been applied to the averaged astrophysical S(E)-factor for the
6Li(d,a)*He reaction. The best fit for the determination of U, via equation 6.1

is shown in figure 6.1; direct data are taken from [Engstler et al. (1992)]. The fit

85
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gives an electron screening potential U,=320+50 eV. This result can be compared
to the one reported in [Engstler et al. (1992)], U.=330 £+ 120 eV (molecular target).
We remark that we use a completely independent method to determine the screen-
ing potential and we observe the same systematic discrepancy observed in other
cases [Engstler et al. (1992), Costantini et al. (2000)] with respect to the adiabatic
approximation, which for the 6Li +d — a + « yields U%=186 eV.

In table 6.1 the values of the screening potential, separately extracted from
projectile and target break-up are reported. Again we underline the agreement

between the two data sets.
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Figure 6.1: Astrophysical S(E) factor for the 5Li(d, a)* He reaction averaged over
data extracted via the THM from target and projectile break-up compared with
direct data from [Engstler et al. (1992)]. The dashed line represents a second order
polynomial fit to THM data while the solid line is the fit used for the determination
of U,.
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target break-up | proj. break-up mean adiabatic

Ue (eV) 340 +51 336 £58 320 £50 186

Table 6.1: Evaluation of screening potential for the %Li(d, a)* He from the tar-
get and projectile break-up data sets. Results from the averaged data-set and the
adiabatic value are also reported.

6.2 Determination of the electron screening

potential for the "Li(p, a)*He reaction

As for the SLi(d,a)* He reaction, in the previous section, it will be assumed that
the THM gives the bare nucleus astrophysical factor. According to formula 6.1, we
find an independent estimate for the screening potential, by comparing our results
with the direct ones [Engstler et al. (1992)]. The extracted value is U,=330 £40 eV
and the fit to the shielded data is shown as a solid curve in figure 6.2.

This value must be compared with the screening potential extracted from di-
rect measurements using the procedure described in chapter two (U.= 300 £160 eV
[Engstler et al. (1992)], molecular target) and with the adiabatic value, U.= 186 eV.
As well as for the ®Li(d,a)* He case a systematic discrepancy between experimen-
tal and theoretical value of the electron screening potential is confirmed; moreover
the two independent determinations, the direct and indirect one, of the electron

screening potential for the " Li(p, a)* He agree within experimental errors.

6.3 Conclusions

The results obtained both for the 6Li(d, a)* He and the " Li(p, a)* He cases demon-
strate how the THM can be applied in order to achieve independent and complemen-
tary information on the bare-nucleus cross section, as well as in the determination

of the electron screening potential for these reactions.
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Figure 6.2: Bare astrophysical factor for the “Li(p, a)* He reaction, averaged over
the whole data-set compared with direct data from [Engstler et al. (1992)]. The
second order polynomial fit is plotted as a dashed line while the solid line represents
the fitted screened contribution used for the extraction of U.,.

As regards the “Lithium problem” our results cannot solve the discrepancy be-
tween astrophysical models and observations. In particular the present results agree
with previous direct measurements [Engstler et al. (1992)], already taken into ac-
count in the NACRE [Angulo et al. (1999)] compilation. This essentially leads to
unchanged astrophysical conclusions (see next chapter).

As regards the electron screening effect, extrapolations at very low energy have
been avoided by the use of the THM and previous values of U, are confirmed with
an improved precision. Moreover the systematic discrepancy between the theoretical

and experimental values of U, is still present, while no isotopical dependence ! of the

li.e. the electron screening effect is independent on the isotopes which are reacting.
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6Li(d,a)*He | "Li(p,a)*He | adiabatic

U. (eV) THM | 340 £50 330 £40
186

U. (eV) direct | 330 £120 300 160

Table 6.2: Results for the electron screening potential (in eV) for both the examined
reactions measured via the THM and direct methods [Engstler et al. (1992)]. The
adiabatic limit is also reported for comparison. The isotopic independence of U, is
clear within the experimental errors.

screening effect is found. These results are summarized in table 6.2 for the studied
reactions.

The extracted value of U, for the " Li(p, a)* He reaction is also significantly far
from that required by [Castellani et al. (1996)] in order to explain the lithium de-
pletion in the Hyades. A brief review of possible solutions to the lithium problem

will be given in the following chapter.

In order to elucidate further possible systematic pitfalls in the THM, an ex-
periment is in progress to study the "Li(p,a)*He reaction via the THM reaction
"Li(®*He,ac)?H. Probing the same astrophysical reaction through a different three-
body reaction can confirm the reliability of the method and offer a cross-check of
the obtained results.

Similarly, the 3He(d,p)*He reaction (see chapter 2) will be investigated via the
THM reaction Li(*He,pa)*He and an experimental investigation of the ® Li(p, a)® He
reaction is in progress in order to extract astrophysically relevant information by

studying the SLi(d,o® He)n reaction via the THM.



Chapter 7

Astrophysical Implications

The comparison of the present indirect measurement of the astrophysical S(E)-
factor of the "Li + p — a + « reaction with the most recent available data, e.g.
[Engstler et al. (1992)] and the NACRE compilation [Angulo et al. (1999)], clearly
shows that the two data sets are coherent. It was pointed out in [Swenson et al. (1994)]
that only large changes on the Sy(0) factor, with respect to the presently known
value, could match the observation of lithium surface abundance for the Hyades,
which is one of the best studied cases. Our result which confirms the previous
extrapolations, is clearly from such a requirement.

Calculations were performed (see section 2 and [Castellani et al. (1996)]) in or-
der to investigate the dependence of the calculated lithium abundance in the Hyades
on the electron screening potential. A good agreement between theoretical models
of lithium depletion and Hyades observations is obtained for U,=600+-700 eV. Again
both present measurements for "Li 4+p — o + « and 5Li +d — o + « yield a lower
value for U,, coherently with [Engstler et al. (1992)].

Up to now we have pointed out that the THM and the direct measurement
substantially give the same lithium abundance. Let us focus our attention on the
solar lithium problem, which is, by far, the best studied case to investigate the

sensitivity of the solar surface lithium abundance on the two different reaction rates.

90
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7.1 The solar lithium problem

The present abundance on the solar surface is ¢ = 1.16 (which corresponds to
a mass fraction of X(Li)=7.01x107!'!, [Anders & Grevesse (1989)], see the defini-
tion of abundances in chapter one). This value has to be compared with the me-
teoritic value, e = 3.31 (corresponding to a mass fraction of X(Li)=9.88x10"7,
[Anders & Grevesse (1989)]). Since at the beginning of the solar system the proto-
solar nebula was homogeneous, the Sun has clearly depleted lithium of a factor 140.
Many standard models [Swenson et al. (1994), Morel et al. (1997)] predict lithium
abundances larger than the observed one. Again here we find a “lithium problem”
i.e. the discordance between observed Li-abundance and the calculated one.

Solar models should reproduce the observed solar variables, such as luminosity
and radius by adopting a set of physical and chemical inputs chosen within the
range of their uncertainties. Helioseismology has allowed for a better understanding
of solar interior and has added severe constraints to solar model calculations. More
observables, e.g. the sound-speed or the depth of convective envelope, must be
reproduced , thus improving the reliability of the model. For instance it has been
shown that only a model which takes into account the microscopic diffusion' can
explain the helioseismological observations [Castellani et al. (1997)].

The FRANEC code (Frascati RAphson Newton Evolutionary Code), which is
extensively discussed in [Ciacio et al. (1997)], has been applied to calculate a solar
model which includes the light elements’ diffusion. In particular the lithium sur-
face abundance at the present age (t»=4.6 -10° years) was calculated taking into
account both Pre-Main-Sequence and Main-Sequence lithium-depletion. This model
was calculated using the OPAL equation of state [Rogers & Iglesias (1996)], using

a =1.9, the mixing length parameter?, the initial helium abundance Y=0.269 and

!Microscopic diffusion depends on different factors: gravity, temperature, concentration

gradients.
2The parameter a takes into account the efficiency of the stellar convection and is defined
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the metallicity Z=0.0198.
Since the evolution of lithium abundance will be described from the PMS phase,

we took as initial value of lithium abundance the meteoritic value, ¢ = 3.31 .

7.1.1 Li-depletion in the Sun during PMS

In section 1.4.1 it was pointed out that the PMS phase of stellar evolution can
be a source of large lithium depletion especially for stars with M < 1 Mg. Two
different calculations have been performed using the FRANEC code: in the first
case, it was adopted the cross section of the "Li(p,a)*He directly measured in
[Engstler et al. (1992)] and used for the NACRE compilation. The second calcula-
tion was performed by changing the cross section to the one measured in this thesis,
via the THM. As it was expected the difference is quite small and amounts to few
percent. In figure 7.1 we report the trend of lithium abundance versus stellar age
(expressed in units of 10° years) for the Sun during the PMS phase. The solid
line represents the calculation performed using the rate of the "Li +p — o + o ex-
tracted from the NACRE compilation while the dashed one represents that obtained
adopting the cross section measured via the THM.

In both cases we can see how the main contribution to the lithium depletion for

the Sun comes from the PMS lithium burning.

7.1.2 Li-depletion in the Sun during MS

The FRANEC code was used to calculate the lithium surface abundance during the
main sequence. The same values of the PMS case were adopted for «, metallicity,
primordial helium and the OPAL equation of state. Again we have performed two
calculations, the first using the direct determination of the 7 Li(p, a)* He S(0)-factor,

the second one using the THM determination extracted in the present work.

as a=l/H, with ! the mixing length and H), the pressure scale-height.
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Figure 7.1: Temporal evolution of the lithium surface abundance (expressed in mass
fraction) in the Sun, during the PMS phase. The solid line represents a calculation
performed using the FRANEC code with the cross section for the ” Li(p, o)* He taken
from [Engstler et al. (1992)]. The dashed line represents the same model calculation
with the cross section extracted from the present work.

In figure 7.2 the calculation of the lithium surface abundance in the Sun is
shown as a function of time (in units of 10° years). As for the PMS case the
solid curve represents the calculation with the NACRE [Angulo et al. (1999)] cross
section; the dashed line represents the model with the THM cross section. As
for the PMS calculation the discrepancy, due to the use of the two different cross
sections, is negligible. The dotted vertical line represents the present age of the Sun
(T ~ 4.6 x 10° years).

Thus our models deplete more lithium than expected from observations for both
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choices of the "Li(p,a)*He cross section; a possible explanation of this fact can
be found in the poor knowledge of the « parameter, especially during the PMS
phase which, as we have seen, is crucial for lithium depletion. In this thesis we have
assumed (like in other cited models) the same « for both the MS and PMS phases. It
has to be stressed that other models [Morel et al. (1997), Swenson et al. (1994)] can
give very different results, according to the approximations and input parameters
adopted. For our purpose it is important to underline that the results obtained

using NACRE compilation and the THM data are essentially similar.

7.2 Other possible solutions to the “Lithium

problem”

As we have reported in the previous sections, the present measurement of the
"Li(p, @)*He S(0)-factor doesn’t change significatively the superficial lithium abun-
dance for the Sun, with respect to the NACRE compilation. This confirms of the
previously available data since, the result extracted via the THM gives directly the
bare cross section.

So the “Lithium problem” for the Sun as well as for the population I and II (and
hence the time evolution of the lithium abundance) is not solved even applying the
THM. Moreover, the more precise knowledge of nuclear reaction cross sections does
not vary the results of astrophysical models, even in the best known case, the Sun.
Other mechanisms and uncertainties should be taken into account in order to solve

the “Lithium problem”:

e efficiency of convection in the external envelope of stars;
e opacities;
e rotation;

e the equation of state;
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e the observed metallicity of the different stellar clusters.

A better evaluation of the role and relative weight of each one of these mechanisms
will provide more reliable bases to the astrophysical models. Even if a lot of work has
been done concerning the astrophysical models and input physics (as we have seen
in this thesis, nuclear astrophysics plays, together with atomic and particle physics,
a key-role in this scenario ) the solution of the lithium problem is still far away. But
the large and synergic efforts of the last years allow us to be quite optimistic for the

future.
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Figure 7.2: Time evolution of the lithium surface abundance (expressed in mass
fraction) in the Sun, during the MS phase. The solid line represents a calculation
performed using the FRANEC code with the for the 7 Li(p, a)* He cross section taken
from [Engstler et al. (1992)]. The dashed line represent the same model with the
cross section extracted from the present work. The dotted vertical line represents

the present age of the Sun.
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Concluding remarks

The THM: a complementary tool for experimental nuclear astrophysics
By studying the two reactions, SLi(d,«)*He and "Li(p,a)*He, a positive test of
validity of the THM is obtained. Thanks to an improved theoretical description
of the method, which is reported in this thesis and in [Spitaleri et al. (2000)], the
agreement of the indirect and direct [Engstler et al. (1992)] S(E)-factors for both
reactions is quite fair over all the explored energy range. Again we stress that the
normalization of indirect data do direct ones is required by the method itself; in this
sense the THM should be considered as a complementary tool to investigate charged
particle reactions at very low energies.

Moreover at very low energies (in the present case at energies E<100 keV) a dis-
crepancy, between the “direct” and “indirect” data trend, is seen for both reactions;
this seems to be essentially due to the electron screening effect, which enhances the
S(E)-factor at low energies in direct measurements. Thus the THM becomes a tool
for exploring the electron screening effect and to measure, without extrapolations,
the bare astrophysical factor.

As a further validity test of the THM analysis a complete coherence is found
(see chapter 4) for the SLi(d, «)*He for indirect data extracted both from target

and projectile break-up [Musumarra et al. (2001)].

Astrophysical implications
The astrophysical factor for both the examined reactions has been extracted. The
comparison with direct data shows a nice agreement for both the ®Li(d, a)* He and
"Li(p,)*He data sets. As it was found in chapter 4 the S(0) term of the astro-
physical factor for the ®Li(d, a«)*He is 16.9 4 0.5 Mev-b while for the " Li(p, a)* He
S(0)=55 + 3keV-b (see chapter 5). This essentially leads to unchanged astrophysical
implications with respect to the NACRE compilation [Angulo et al. (1999)].
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To evaluate the impact of the new THM data on the lithium problem a study of
the solar lithium abundance has been performed, using the FRANEC code. It was
calculated for both the PMS and MS phase of solar evolution for two different values
of the "Li(p, «)*He cross section, the THM and the NACRE one. The difference
between the two calculations is around 5%; clearly the THM, being an independent
way to measure a bare nucleus cross section, confirms that the uncertainties on
the "Li(p,a)* He cross section cannot explain the lithium problem, whose possible

solution are briefly reviewed at the end of chapter 7.

The electron screening: a systematic discrepancy?

By measuring the bare nucleus astrophysical S(E)-factor using the THM we can
measure, without extrapolation, the electron screening potential. This has been
done for the two examined reactions in chapters 4 and 5 respectively.

For the 5Li(d, &)* He reaction, after averaging data extracted from target and
projectile break-up, we have measured U,=320 £ 50 eV. This is in fair agreement
with the directly measured value U,=330 £ 120 eV [Engstler et al. (1992)], while
the adiabatic limit is U,;3=186 eV.

The electron screening potential energy for the 7 Li(p, a)* He reaction has been
also extracted, after averaging over all the data available. A final value of U,=330 4 40 eV
has been obtained. The comparison with the direct measurement [Engstler et al. (1992)],
U.=300 £ 160 eV, shows also in this case a nice agreement.

As for the 6Li(d, a)* He case the adiabatic limit produces U,y=186 eV; this con-
firms a systematic discrepancy between the experimental values and the theoretical
predictions. Possible solutions to this discrepancy (which has been observed in other
reactions as well, e.g. [Engstler et al. (1992), Costantini et al. (2000)]) have been
described in section 2.5.1. The THM results, at least for the two studied reactions,
clearly shows that the extrapolations were correct; thus a possible solution can be
found either in the description of atomic physics or in the extrapolations used to de-

scribe the energy loss in the target at very low energies (E<50 keV). These problems
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are currently under investigation.

By comparing the two results obtained in this thesis for both the $Li(d, a)* He
and "Li(p,a)* He reactions, we obtain an agreement that can be explained by re-
ferring to the “isotopical independence” of the electron screening effect, i.e. the
fact that the screening potential doesn’t depend on the mass number but only on
the number electrons of the interacting particles. This confirms previous results
[Engstler et al. (1992)] and the available microscopic description of the screening

effect.

Perspectives
In order to have a complete knowledge of nuclear reactions involved in lithium
depletion, the study of the 6Li(p, o) He reaction (by using the THM) has already
been started. The evaluation of its screening potential could give a more complete
overview of this problem. At the same time the energy loss trend at astrophysical
energies is currently under investigation in Bochum.

In this framework the THM can play a key role for obtaining information, with-
out any extrapolation, on the bare astrophysical S(E)-factor and the electron screen-
ing effect. Its complementarity to direct measurements will certainly give an impor-

tant contribution to nuclear astrophysics and to the electron screening problem.
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