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Information on the7Li( p,a)4He reaction cross section at energies relevant for astrophysics has been ob-
tained by means of the indirect Trojan-horse method applied to the three-body2H(7Li, aa)n reaction. Mea-
surements at7Li-beam energies of 19, 19.5, 20, and 21 MeV have been carried out. The results are reported in
terms of the astrophysicalS(E) factor. The valueS(0) measured in the present experiment is compared with
that extrapolated from a direct measurement.@S0556-2813~99!01510-1#

PACS number~s!: 26.20.1f, 21.10.Pc, 24.50.1g, 25.70.Hi
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I. INTRODUCTION

Understanding energy production in stars and related
cleosynthetic processes requires the knowledge of nuc
reaction cross sections@1# at interaction energies usually fa
below the Coulomb barrier. These cross sections often ra
between nano- and picobarns@2# so that, in general, thei
direct evaluation is severely hindered and in some cases
beyond present technical possibilities. Usually experime
data at higher energies together with theoretical calculat
are used in order to extrapolate the astrophysicalS(E) factor
down to the relevant energy. However, such a proced
might be unreliable if unknown resonances are present in
region of extrapolation or if the electron screening effe
~e.g.,@3#! is not duly taken into account.

In the last years an increasing number of indirect meth
has thus been employed for the investigation of key re
tions. For instance, Coulomb dissociation of fast project
has been proposed@4# as a method to investigate radiativ
capture processes~time reversal of photodisintegration!.
Transfer reactions have been used in order to study var
capture processes@5–7#.

Among indirect approaches, the so-called Trojan-ho
method~THM! @8# seems to be particularly suited for inve
tigation of low-energy charged-particle reactions relevant
nuclear astrophysics. This method has already been used
recent work of ours@9# in order to obtain information on the
low-energy cross section for the6Li( d,a)4He reaction from
the 6Li( 6Li, aa)4He one. The extracted astrophysicalS(E)
factor has been compared with that extrapolated from a
rect measurement@10# and showed to be in good agreeme

In the present paper we report on the application of
Trojan-horse method to the2H(7Li, aa)n as a tool to ac-
quire information on the7Li( p,a)4He reaction at the astro
physical energy of interest. The7Li( p,a)4He reaction is of
importance in astrophysics, in that it is invariably connec

*Permanent address: Laboratori Nazionali del Sud, INFN, via
Sofia 44, I-95123 Catania, Italy.
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with the so-called Li problem. It is well known that lithium
of which 7Li is the most abundant isotope, is produced d
ing the very early stages of universe evolution together w
other light elements such as2H, 3He, 4He, 9Be @11–13#.
Apart from spallation processes still occurring in the inte
stellar medium, which contribute to the synthesis of7Li, this
latter is mostly destroyed during the evolution of a star to
extent which, among other factors, depends on the rate o
7Li( p,a)4He reaction. However, the lithium abundance e
pected on the basis of7Li( p,a)4He cross-section measure
ments~e.g., Ref.@10#! does not match that observed in se
eral astrophysical sites. The measurement of such a c
section at energies as low as possible is then necessa
gather more hints about the lithium destruction in astrophy
cal environments. In this paper we shall stress the imp
tance of the THM as a complementary tool to direct me
surements in the study of reactions of astrophysical inter

II. THE PRINCIPLE OF THE METHOD

Quasifree reactions~QFR! can be easily described b
means of the impulse approximation~IA !. Let us consider as
a typical case a particlea striking a complex systemA. The
assumptions underlying the IA are then the following@14#:
~i! the incident particle never interacts strongly with two co
stituents of the system at the same time;~ii ! the amplitude of
the incident wave falling on each constituent is nearly
same as if that constituent were alone;~iii ! the binding forces
between the constituents of the system are negligible du
the decisive phase of the reaction. Under these hypothe
the incident particlea is considered to interact only with
part b of the target nucleusA ~whose wave function is as
sumed to have a large amplitude for theC-b cluster configu-
ration!, while the other partC behaves as spectator to th
processa1b→c1d. In Fig. 1~a! a pseudo-Feynman dia
gram representing this reaction mechanism is shown. In
der to completely determine the kinematic properties of
spectatorC, the energyEc andEd of the two particlesc and
d must be measured in coincidence at specified anglesuc
and ud . In the plane-wave impulse approximation~PWIA!
.

©1999 The American Physical Society02-1
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C. SPITALERIet al. PHYSICAL REVIEW C 60 055802
the three-body cross section may be expressed as

d3s

dEcdVcdVd
}~KF ! uF~pW s!u2S ds

dV D , ~1!

where KF is a kinematic factor containing the final sta
phase-space factor,uF(pW s)u2 is the momentum distribution

FIG. 1. Different possible reaction mechanisms leading to
same final state represented by pseudo-Feynman diagrams. In~a! a
quasifree process is shown while two different sequential dec
are shown in~b! and~c!. Ion species in brackets refer to the actu
situation relevant to the present experiment.
05580
of the ~spectator! C particle inside the nucleusA and
(ds/dV) is the off-energy-shell differential reaction cros
section for thea-b two-body subsystem@15#. Assuming that
uF(pW s)u2 is known and calculating KF, it is then possible
derive (ds/dV) from a measurement ofd3s/dEcdVcdVd .
An experimental way of testing the basic assumptions und
lying the QF model was originally proposed by Treiman a
Yang @16# for high-energy single-pion exchange reactio
and later extended by Shapiro, Kolybasov, and August@17#
to some nonrelativistic cases involving nonzero spin partic
@18#. It has been suggested~Refs.@15,19,20#! that the energy
behavior of the virtual two-body cross section, which can
extracted from that of the QF processes according to Eq.~1!,
could be studied and compared with the corresponding t
body one measured in a direct way.

In this framework the Catania-Zagreb collaboration h
performed several experiments on quasifree reactions wi
neutron as spectator. In particular the excitation functions
reactions 2H(7Li, aa)n and 6Li( d,3He4He)n have been
studied in the low-energy regionE7Li528248 MeV @21# and
E6Li521.6233.6 MeV @22#, respectively. In both cases th
energy dependence of the virtual reaction cross sect
fairly agrees with the known excitation functions of the co
responding two-body reactions and also resonances are
produced, confirming the reliability of the factorization su
gested in Eq.~1!. These results led us to investigate reactio
of astrophysical interest@23# by means of the quasifre
mechanism, in the form of the Trojan-horse method~THM!.

If the bombarding energy is chosen to overcome the C
lomb barrier in the incident channel of a reaction

a1A→c1d1C, ~2!

the particleb can be brought into the nuclear interaction zo
to induce the reaction

b1a→c1d. ~3!

If the Fermi motion of particleb inside A compensates a
least in part for the initial projectile velocityva the latter
reaction is induced at very low~even vanishing! relative en-
ergy betweena andb, so as to match the relevant astrophy
cal energy~Ref. @8#!. In this way it is possible to extract th
two-body cross section as

dsN

dV
}

d3s

dEcdVcdVd
@KF uF~pW s!u2#21. ~4!

It has to be emphasized that in the present case the obta
cross sectiondsN/dV is the nuclear part, the Coulomb ba
rier being already overcome in the entrance channel. In
case at hand, since we are investigating relative7Li-p ener-
gies below the corresponding Coulomb barrier, the extrac
two-body cross section is, as just mentioned, a ‘‘pu
nuclear’’ one, the7Li-p interaction occurring once the pro
ton is already in the nuclear field of the system. So, in or
to get the ‘‘usual’’ two-body cross section to be compared
the directly measured one, it is necessary to multi
dsN/dV by the transmission coefficient through the Co
lomb barrier, that is
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INDIRECT 7Li( p,a) 4He REACTION AT . . . PHYSICAL REVIEW C 60 055802
ds

dV
5(

l
Gl

ds l
N

dV
, ~5!

whereGl represents the transmission coefficient for the r
evant l th partial wave andds l

N/dV is its related cross sec
tion.

The fact that the PWIA is not able to give results in a
solute units@hence, the proportionality sign in Eqs.~1! and
~4!#, makes it necessary to normalize the extracted two-b
cross section to the directly measured one in a suitable
ergy region. It should be stressed here that in general
same final state of reaction~2! can be reached through rea
tion mechanisms other than the quasifree breakup~e.g., se-
quential decays!. Diagrams for these processes are shown
Figs. 1~b! and 1~c!. In particular, in the energy range inve
tigated in the present measurement, the reaction7Li( d,aa)n
is known to be dominated by a strong sequential decay f
the two excited levels in8Be atE* 516.63 and 16.92 MeV
@24#. Such a contribution, therefore, represents an undes
physical background which has to be subtracted in orde
get the quasifree part of the investigated cross section. M
over the formation of5He has to also be taken into accoun
even though it is known that the contribution from this cha
nel is very small compared to the8Be one~Ref. @24#!.

III. EXPERIMENTAL SETUP

The SMP Tandem Van de Graaff accelerator of the La
ratori Nazionali del Sud - Catania, provided a7Li-ion beam
at energies 19, 19.5, 20, and 21 MeV and intensities up to
nA. The energy spreading of the beam was about 1024 and
the spot on target, after collimation, had a diameter of;1.5
mm. The 2000-mm-diameterCamera 2000scattering cham-
ber maintained at a pressure of;1026 mbar was used.

A deuterated polyethylene target was placed at 10° w
respect to the beam. During the experiment four differ
targets had to be used because of deterioration proble
their thicknesses were determined using an Am source
silicon DE-E detector placed at a distanced550.5 cm from
the target and atu518.5° with respect to the beam axis w
used to detect the elastically scattered particles, thus al
ing for a continuous monitoring of the target thickness d
ing the measurement.

Since theQ value ~15.121 MeV! for the 2H(7Li, aa)n
reaction is much larger than that for other possible reacti
occurring with carbon or impurities in the target, and sin
thea particles coming from the1H(7Li, a)4He reaction, oc-
curring with hydrogen also present in the target, can be e
ily separated from those of interest, it was not necessar
identify the reaction products by means ofDE-E telescopes.
Detection of the outgoinga particles has therefore been pe
formed by using six (50310) mm silicon position sensitive
detectors~PSD!, three at each side of the beam axis. T
resulting detection setup is thus different from that of a p
vious experiment where ionization chambers were used
DE-E telescopes@25#.

Calculations of quasifree angles have shown that the
a ’s are emitted with a relative angleu rel;90° almost inde-
05580
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pendently of the beam energy. Detectors have then been
tered at fixed angles 44°, 34°, 23°, 45°, 55°, and 65°,
spectively, for the PSD1, PSD2, PSD3, PSD4, PSD5,
PSD6; the monitor was fixed at 18°. Detectors PSD1 a
PSD4 ~from now on we will refer to detectors by numbe
simply! were placed at a distanced570 cm so as to compar
the data taken from this experiment with those of the pre
ous experiment~Ref. @25#!. All other detectors were place
closer to the target in order to increase their solid ang
which then rose from;1 msr~of detectors 1 and 4! to ;2.5
msr for detectors 2, 3, 5, and 6. Coincidences were car
out between each pair of PSD’s placed on opposite side
the beam direction. However, while coincidences betwe
detectors 1 and 4, 2 and 5, and 3 and 6 fulfilled the requ
mentu rel;90°, the remaining ones did not. This allowed
cross check the method, since in those cases no quas
contributions were expected.

The selected angular ranges corresponded to kinema
conditions under which the momentumps of the undetected
spectator neutron ranges from;280 MeV/c to
;80 MeV/c. This assures that the bulk of quasifree cont
butions falls inside the investigated regions.

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

IV. EXPERIMENTAL PROCEDURE, DATA ANALYSIS,
AND RESULTS

At the initial stage of the measurement, grids with
equally spaced slits each were placed in front of each PS
order to operate a calibration in position. A corresponde
between position signals from the PSD and angle of part
detection is therefore established. Energy calibration w
performed by means of a standard three-peaka source at
energies of 5.155, 5.484, and 5.806 MeV. At higher energ
the elastic scattering of7Li on CD2 and Au targets was em
ployed at beam energies of about 15, 20, and 25 MeV.

From the study of the two-body1H(7Li, a)4He reaction
occurring with hydrogen in the target the angular resolut
was found to be of about 0.2° and the energy resolution w
checked to be better than 1%.

Although measurements of thea-a coincidences were
carried out at incident beam energies 19 and 20 MeV,
what follows we shall refer for clarity only to one of th
several events investigated, namely to coincidences betw
detectors 1 and 4 at7Li-beam energy of 20 MeV.

In order to reduce the contribution from random coin
dences, constraints on the time-to-amplitude converter
rameter as well as on the reactionQ-value spectrum have
also been operated. In such a way clean projections on
and two-dimensional spectra have been obtained. As an
ample, Fig. 2 shows the number of counts versusEa1

at

ua1
545°60.5° andua2

545°60.5°. In order to check the
nature of the two peaks of Fig. 2 projections have been p
formed on the variablesEa1a2

~relative energy between th
2-3
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C. SPITALERIet al. PHYSICAL REVIEW C 60 055802
two outgoinga particles!, Ea1n and Ea2n ~relative energy

between the neutron and each of thea particles!, so as to
investigate possible contributions from formation of8Be and
5He, respectively.

From such an analysis it is concluded that the reac
2H(7Li, aa)n mainly proceeds through formation of th
16.6 and 16.9 MeV levels of the8Be* as expected for the
energy and angular conditions studied in the present m
surement~Ref. @24#!. The same procedure described abo
has been applied to each event, each beam energy, an
possible angle pairs: similar results have been obtained
events where a quasifree contribution is expected. Howe
in coincidences 2–5 and 3–6 a small contribution due to5He
formation seems to have been observed and could ove
the energy region of interest for the quasifree mechan
~Ref. @24#!. Therefore, in order to reduce the chance fo
systematic error connected with the subtraction of suc
contribution, only data analysis related to coincidences 1
is reported in the present paper.

In order to separate quasifree contributions from th
due to the sequential decay of8Be, data from each event an
beam energy have been projected on tops , momentum of
the neutron, with the further condition that the relative an
between any two coincidenta ’s matches the quasifree valu
at the proper beam energy. A typical projection is shown
Fig. 3. Each of the two peaks is due to both of the unresol
16.63 and 16.92 MeV levels in8Be. Such a sequential con
tribution has been reproduced by means of a Monte C
calculation. A Breit-Wigner formula integrated over the a
cessible phase-space volume has been used and contribu
from the two levels were incoherently added with a relat
weight determined by a best fit to the experimental spec
The levels’ parameters used were as reported in@26# with a
correction for the experimental energy resolution. It has b
verified that the relative weights given by this fit are in go
agreement with those coming from a fit on theEa1 ,a2

spec-
tra.

It is clearly seen that the region between the two pea

FIG. 2. a2a coincidence spectrum projected on theEa1
axis.

Experimental conditions are also given. Similar spectra have b
obtained for all the events and angles as reported in the text.
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namely that aroundps50, cannot be accounted for with suc
a fit and this has therefore been interpreted as evidence
the quasifree mechanism actually takes place in the reac
2H(7Li, aa)n. After subtraction of sequential-decay contr
butions from the experimental spectra, quasifree data h
been plotted as a function ofEp , that is the relative7Li-p
energy, defined in the so-called post-collision prescription

Ep5Ea1 ,a2
2Q, ~6!

whereQ ~517.346 MeV! is the Q value for the two-body
7Li( p,a)4He reaction.

The nuclear differential cross section shown in Fig. 4 w
then obtained from Eq.~4!, whereuF(pW s)u2 was calculated
using the well-known approximation in terms of a Hulte
wave function to describe then-p motion in 2H, i.e., U(r )
5(e2ar2e2br)/r with a50.2317 fm21 andb51.202 fm21

~Ref. @21#!. A remarkable agreement in the trend ofdsN/dV
derived by measuring the three-body cross section at dif
ent beam energies has to be stressed. This is shown in F

en

FIG. 3. Spectrum inps fitted according to the procedure de
scribed in the text. It is clearly seen that the region betwe
640 MeV/c cannot be accounted for by a sequential decay con
bution alone.

FIG. 4. Nuclear differential cross sections obtained for four d
ferent beam energies: 19~full dots!, 19.5 ~empty dots!, 20 ~down-
ward triangles!, and 21 MeV~upward triangles!.
2-4
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wheredsN/dV from data set at 19, 19.5, 20, and 21 Me
have been normalized to each other. Figure 5 shows
dsN/dV averaged over the four energy data sets.

In order to compare our results with those of a dire
measurement it is now necessary to correct the nuclear c
section for the penetration function through the Coulo
barrier. As a first approximation we have assumed that
l 50 partial wave represents the main contribution to
reaction process, so that the probability of barrier penetra
can be expressed as

G05expH 22KRcFarctan~Rc /Rn21!1/2

~Rc /Rn21!1/2
2

Rn

Rc
G J ~7!

with

K5F2m

\2
~Ec2E!G 1/2

and Rn5R7Li1Rp~53.21 fm! and Rc are, respectively, the
nuclear radius of interaction and the distance of class
turning point~e.g.,@27#!. Although a more realistic Woods
Saxon potential would give a more accurate calculation
the penetration probability, the above expression is a g
enough approximation for the purposes of the present w

The comparison between the excitation function thus
tained and that of a direct measurement@28# is shown in Fig.
6. Our data~full circles! have been normalized to the dire
ones~open circles! in the energy region aroundEc.m.;0.3
MeV. The good agreement between the two data sets rev
that the assumption for a dominantl 50 partial wave is cor-
rect within the accuracy of the experimental informati
available. Moreover, it has to be stressed that a good ag
ment between the two trends~direct and indirect! is a neces-
sary condition before extracting the astrophysicalS(E) fac-
tor by means of the THM~applicability test!. In a previous
work ~Ref. @21#!, we had already shown that this agreeme
was indeed obtained above the Coulomb barrier~i.e., without
having to correct for the penetration probability!. The present

FIG. 5. Nuclear differential cross section averaged over the f
data sets of Fig. 4.
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result then shows the consistency of the method used eve
energies well below the Coulomb barrier.

V. ASTROPHYSICAL FACTOR

Two different procedures have been adopted to derive
astrophysicalS(E) factor from our data. The first one em
ploys the usual definition of theS(E) function, namely,

S~E!5exp~2ph!Es~E!. ~8!

This definition has been applied to our data in the form
s(E)5sN(E)G0 as shown in Fig. 6~full circles!. The sec-
ond approach explicitly takes into account the fact that
THM allows for a measurement of the nuclear cross sect
According to the formalism given in Ref.@9# it is then pos-
sible to express the astrophysical factor as

SN~E!5EsN~E!. ~9!

This is justified by observing that the penetration functi
given in Eq. ~7! and the usual Gamow factor exp(22ph),
introduced in the extrapolation ofS(E) from direct data,
should cancel out. Indeed, since the Gamow factor repres
an approximate expression for the tunneling probabi
given in Eq. ~7!, there is a small discrepancy between t
trend of the twoS(E) factors obtained according to the tw
different methods, as shown in Fig. 7. It is worth noticin
however, that the astrophysicalS(E) factor obtained with the
second approach@i.e., what we have indicated asSN(E)# is
independent of approximations introduced by any tunnel
probability function, which makes an interesting pecul
feature of the THM.

The comparison between theS(E) factor obtained in the
present measurement~first approach! and that reported in
Ref. @28# ~empty circles! is shown in Fig. 8. Again a good
agreement is found. In order to determine the value ofS(0)
our data have been fitted with a second-order polynom
expansion:

S~E!5S~0!1S1E1S2E2 ~10!

r FIG. 6. Excitation function for the1H(7Li, a)4He reaction. The
present result~full dots! is compared to that obtained in Ref.@28#
~empty dots!.
2-5
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in the energy regionEc.m.5020.3 MeV. To determine the
influence of the point at 10 keV the same fit has also b
performed without this latter point. The results of these
are summarized in Table I.

Our best estimate ofS(0)53667 keV b has to be com
pared with the extrapolated one@S(0)55268 keV b# of
Ref. @28#. It has to be observed, however, that both data s
also suffer from a systematic error of;20% and;10%,
respectively, arising from the normalization procedure of o
data to those of Ref.@28# and of these latter to those of a
absolute cross section measurement@29#. It can then be con-
cluded that, within the uncertainties, the trend of theS(E)
factor as obtained in the previous work agrees with t
given in Ref.@28#. As far as our previous measurement~Ref.
@25#! is concerned, where an estimated value ofS(0)523
69 keV b was obtained, it has to be recalled that former d
suffered from a much lower statistics and were affected b
possible systematic error due to energy-loss reconstructio
the gas inside the ionization chambers as well as in t
windows.

VI. CONCLUSIONS

The present work shows the possibility of measuring
astrophysical S~E! factor at energies relevant for astrophy
cal applications by means of the Trojan-horse method.
astrophysicalS(E) factor for the1H(7Li, a)4He reaction has
been evaluated in two ways, as described in Sec. V. A p
sible explanation for the small discrepancy observed in

FIG. 7. AstrophysicalS(E) factors for the1H(7Li, a)4He reac-
tion calculated according Eq.~8! ~full dots! and Eq.~9! ~diamonds!.
Fits to both trends are also reported.
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two values of theS(0) factors, namely the one obtained
the present work through Eq.~8! and that extrapolated from
direct measurements~Ref. @28#!, might be ascribed to the
approximate calculation of the penetration probability
given in Eq. ~7!. Also, the uncertainties deriving from th
evaluation of the electron screening correction in the dir
data cannot be completely ruled out. It has to be recalled
our result should in fact be independent of such an effe
being our measured cross section the nuclear part only.
seems to be confirmed from the fact that our values of
astrophysicalS factors agree quite well within the exper
mental uncertainties when we consider the two differ
ways used to calculate theS factor itself. It is also worth
noticing that the nuclear cross section varies very slow
with energy and therefore the evaluation of the astrophys
S factor by means of Eq.~9! is not affected by the strong
variation of cross section around the Gamow peak enco
tered in direct measurements. Finally, the THM can also
regarded as an independent tool to estimate the effects o
electron screening by comparing the nuclear cross sec
with the cross section for bare nuclei~Ref. @3#!, usually
evaluated from a theoretical point of view.

As far as the influence of the point at 10 keV is cons
ered, theS(0) value obtained by neglecting this point is ev
lower than the one arrived at considering the full data set
this respect the value reported in Ref.@28# can be regarded a
an upper limit and the results shown in the present w
cannot help solving the problem of lithium depletion.

In the light of this new value ofS(0) we would like to

FIG. 8. AstrophysicalS(E) factor for the 1H(7Li, a)4He reac-
tion as obtained from our data according to Eq.~8! ~full dots!. Data
from Ref. @28# ~empty dots! are also shown for comparison.
o
TABLE I. Results of a second-order polynomial fit on theS(E) factors, calculated according to the tw
different approaches described in the text. Values of the fit without the lowest energy point~i.e., at 10 keV!
are also given.

S(E)5exp(2ph)Es(E) SN(E)5EsN(E)
Coefficients Full data set 210 keV point Full data set 210 keV point

S(0) ~keV b! 3667 31614 3266 26613
S1 ~b! 897 974 868 957
S2 (keV21 b) 22585 22810 22393 22660
2-6
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make some comments on the Li problem in the astrophys
context, in particular in environments such as dwarf stars
open clusters. It is well known that the abundance of Li
dwarf stars is generally too small~one or two orders of mag
nitude! with respect to the prediction of evolutionary mode
A typical example is the Sun@30#. Lithium abundance de
duced from data on the Sun’s photosphere is 100 times lo
than that found in meteorites. Such an observational
dence had brought to the hypothesis that Li burning in p
main sequence evolution might proceed at a higher rate
previously supposed.

However, since during this evolutionary phase the te
perature of a one solar-mass star is not high enough to ju
such a rate, it was also taken into account the possibility
Li be burned also during the main sequence phase at
bottom of the convective zone. From helioseismological d
@31# we know that the temperature in such a region ran
from 2.1–2.33106 K and that it has not changed by mo
r,
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than 10% during preceding stages of the Sun’s evolution
view of such a fact our result does not solve the problem,
rather supports even more the idea that a solution has t
found by taking into account factors other than the cro
section, such as for instance the opacity of the stellar ma
or the treatment of convection.

As far as the Li depletion in open clusters like the Hyad
is concerned, it has already been pointed out by@32# that
only an exceedingS(0) factor of about 78% with respect t
that given in Ref.@28# could match the observations. Ou
result is clearly far from fulfilling such a requirement.
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