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Information on theLi( p,a)*He reaction cross section at energies relevant for astrophysics has been ob-
tained by means of the indirect Trojan-horse method applied to the three2bt{dyi, a«)n reaction. Mea-
surements afLi-beam energies of 19, 19.5, 20, and 21 MeV have been carried out. The results are reported in
terms of the astrophysic&(E) factor. The valueS(0) measured in the present experiment is compared with
that extrapolated from a direct measurem¢g80556-281®9)01510-1

PACS numbg(s): 26.20+f, 21.10.Pc, 24.56:g, 25.70.Hi

[. INTRODUCTION with the so-called Li problem. It is well known that lithium,
of which “Li is the most abundant isotope, is produced dur-
Understanding energy production in stars and related nung the very early stages of universe evolution together with
cleosynthetic processes requires the knowledge of nucleather light elements such &H, *He, “He, °Be [11-13.
reaction cross sectiond] at interaction energies usually far Apart from spallation processes still occurring in the inter-
below the Coulomb barrier. These cross sections often ranggellar medium, which contribute to the synthesis'b, this
between nano- and picobarf] so that, in general, their latter is mostly destroyed during the evolution of a star to an
direct evaluation is severely hindered and in some cases eve@xtent which, among other factors, depends on the rate of the
beyond present technical possibilities. Usually experimentalLi( p,a)*He reaction. However, the lithium abundance ex-
data at higher energies together with theoretical calculationpected on the basis ofLi( p,a)*He cross-section measure-
are used in order to extrapolate the astrophy<i¢gl) factor = ments(e.g., Ref[10]) does not match that observed in sev-
down to the relevant energy. However, such a procedureral astrophysical sites. The measurement of such a cross
might be unreliable if unknown resonances are present in theection at energies as low as possible is then necessary to
region of extrapolation or if the electron screening effectgather more hints about the lithium destruction in astrophysi-
(e.g.,[3]) is not duly taken into account. cal environments. In this paper we shall stress the impor-
In the last years an increasing number of indirect method$ance of the THM as a complementary tool to direct mea-
has thus been employed for the investigation of key reacsurements in the study of reactions of astrophysical interest.
tions. For instance, Coulomb dissociation of fast projectiles
has been proposdd] as a method to investigate radiative
capture processestime reversal of photodisintegratipn
Transfer reactions have been used in order to study various Quasifree reaction$QFR) can be easily described by
capture processgs—7|. means of the impulse approximatidi ). Let us consider as
Among indirect approaches, the so-called Trojan-horse typical case a particla striking a complex system. The
method(THM) [8] seems to be particularly suited for inves- assumptions underlying the IA are then the followirigf]:
tigation of low-energy charged-particle reactions relevant for(i) the incident particle never interacts strongly with two con-
nuclear astrophysics. This method has already been used irstituents of the system at the same tirie;the amplitude of
recent work of our$9] in order to obtain information on the the incident wave falling on each constituent is nearly the
low-energy cross section for tHiti( d,a)*He reaction from  same as if that constituent were alofi@) the binding forces
the SLi(°Li, «a)*He one. The extracted astrophysi&E) between the constituents of the system are negligible during
factor has been compared with that extrapolated from a dithe decisive phase of the reaction. Under these hypotheses,
rect measuremefl0] and showed to be in good agreement.the incident particlea is considered to interact only with a
In the present paper we report on the application of theart b of the target nucleug\ (whose wave function is as-
Trojan-horse method to théH(’Li, «a)n as a tool to ac- sumed to have a large amplitude for Beb cluster configu-
quire information on the/Li( p,«)*He reaction at the astro- ration), while the other parC behaves as spectator to the
physical energy of interest. ThéLi( p,«)*He reaction is of processa+b—c+d. In Fig. 1(a) a pseudo-Feynman dia-
importance in astrophysics, in that it is invariably connectedyram representing this reaction mechanism is shown. In or-
der to completely determine the kinematic properties of the
spectatolC, the energye. andE, of the two particles and
*Permanent address: Laboratori Nazionali del Sud, INFN, via Sd must be measured in coincidence at specified andlgs,
Sofia 44, 1-95123 Catania, Italy. and 64. In the plane-wave impulse approximatiGRWIA)

Il. THE PRINCIPLE OF THE METHOD
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a (Li) ¢ (@) of the (spectator C particle inside the nucleu\ and
(da/dQ) is the off-energy-shell differential reaction cross
section for thea-b two-body subsysterfil5]. Assuming that

d () |®(py)|? is known and calculating KF, it is then possible to
derive do/dQ) from a measurement aPo/dE.dQ . dQy.
An experimental way of testing the basic assumptions under-
b (p) lying the QF model was originally proposed by Treiman and
Yang [16] for high-energy single-pion exchange reactions
and later extended by Shapiro, Kolybasov, and Audust
to some nonrelativistic cases involving nonzero spin particles
[18]. It has been suggestéRefs.[15,19,2Q) that the energy
behavior of the virtual two-body cross section, which can be
extracted from that of the QF processes according ta Hg.
could be studied and compared with the corresponding two-
@ body one measured in a direct way.

In this framework the Catania-Zagreb collaboration has
performed several experiments on quasifree reactions with a
neutron as spectator. In particular the excitation functions of
reactions 2H(’Li, wa)n and °Li(d,*He*He)n have been
studied in the low-energy regidar =28—48 MeV[21] and
Ees =21.6-33.6 MeV [22], respectively. In both cases the
energy dependence of the virtual reaction cross sections
fairly agrees with the known excitation functions of the cor-
responding two-body reactions and also resonances are re-
produced, confirming the reliability of the factorization sug-
gested in Eq(1). These results led us to investigate reactions
of astrophysical interesf23] by means of the quasifree
mechanism, in the form of the Trojan-horse metlid&iM).

If the bombarding energy is chosen to overcome the Cou-
(b) lomb barrier in the incident channel of a reaction

C (n)

c (@) a+A—c+d+C, 2

a (L) ) ) ) .

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

b+a—c+d. 3

¢ (n If the Fermi motion of particleb inside A compensates at
least in part for the initial projectile velocity, the latter
reaction is induced at very loweven vanishingrelative en-
ergy betweera andb, so as to match the relevant astrophysi-
cal energy(Ref.[8]). In this way it is possible to extract the

d () ) !
A (d) two-body cross section as
(©) do™ d3o [KF|<I>(9)|2]*1 @
FIG. 1. Different possible reaction mechanisms leading to the dQ  dE.dQ.dOy s

same final state represented by pseudo-Feynman diagrati@.an . . .
quasifree process is shown while two different sequential dec:aylsI has to b? emﬁha3|;ed that in the present case the obtained
are shown inb) and(c). lon species in brackets refer to the actual Cf0SS sectiomlo™/d() is the nuclear part, the Coulomb bar-

situation relevant to the present experiment. rier being already overcome in the entrance channel. In the
case at hand, since we are investigating relafiviep ener-
the three-body cross section may be expressed as gies below the corresponding Coulomb barrier, the extracted

two-body cross section is, as just mentioned, a “pure
do nuclear” one, the’Li-p interaction occurring once the pro-
—) (1) tonis already in the nuclear field of the system. So, in order
d€ to get the “usual” two-body cross section to be compared to

the directly measured one, it is necessary to multiply
where KF is a kinematic factor Containing the final Statedo-N/dQ by the transmission coefficient through the Cou-
phase-space factokf,[)(ﬁs)l2 is the momentum distribution lomb barrier, that is

3

o N
- 2
dEchCde O((KF) |(I)(ps)|
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do do pendently of the beam energy. Detectors have then been cen-
d_Q:Z GCiga (5)  tered at fixed angles 44°, 34°, 23°, 45°, 55°, and 65°, re-
spectively, for the PSD1, PSD2, PSD3, PSD4, PSD5, and
PSD6; the monitor was fixed at 18°. Detectors PSD1 and
whereG, represents the transmission coefficient for the rel-pSp4 (from now on we will refer to detectors by numbers
evantlth partial wave andio]'/dQ) is its related cross sec- simply) were placed at a distancde=70 cm so as to compare
tion. the data taken from this experiment with those of the previ-
The fact that the PWIA is not able to give results in ab-ous experimentRef. [25]). All other detectors were placed
solute unitslhence, the proportionality sign in Egd) and  closer to the target in order to increase their solid angles,
(4)], makes it necessary to normalize the extracted two-bodyhich then rose from- 1 msr(of detectors 1 and)4o ~2.5
cross section to the directly measured one in a suitable emnsr for detectors 2, 3, 5, and 6. Coincidences were carried
ergy region. It should be stressed here that in general theut between each pair of PSD’s placed on opposite side of
same final state of reactid@) can be reached through reac- the beam direction. However, while coincidences between
tion mechanisms other than the quasifree breakug., se- detectors 1 and 4, 2 and 5, and 3 and 6 fulfilled the require-
quential decays Diagrams for these processes are shown irment 6,,~90°, the remaining ones did not. This allowed to
Figs. 1b) and Xc). In particular, in the energy range inves- cross check the method, since in those cases no quasifree
tigated in the present measurement, the reactiofd, «a)n contributions were expected.
is known to be dominated by a strong sequential decay from The selected angular ranges corresponded to kinematical
the two excited levels ifBe atE* =16.63 and 16.92 MeV  conditions under which the momentupg of the undetected
[24]. Such a contribution, therefore, represents an undesirespectator neutron ranges from~—80 MeV/c to
physical background which has to be subtracted in order te-80 MeV/c. This assures that the bulk of quasifree contri-
get the quasifree part of the investigated cross section. Morasutions falls inside the investigated regions.
over the formation ofHe has to also be taken into account,  The signals coming from the detectors were processed by
even though it is known that the contribution from this chan-using standard electronic chains and sent to the acquisition
nel is very small compared to tHiBe one(Ref. [24]). system which allowed the on-line monitoring of the experi-
ment and the storage of data on magnetic tapes for later data
Ill. EXPERIMENTAL SETUP analysis.
The SMP Tandem Van de Graaff accelerator of the Labo-
ratori Nazionali del Sud - Catania, provided'ki-ion beam IV. EXPERIMENTAL PROCEDURE, DATA ANALYSIS,
at energies 19, 19.5, 20, and 21 MeV and intensities up to 70 AND RESULTS
nA. The energy spreading of the beam was about*l#hd
the spot on target, after collimation, had a diameter-df.5
mm. The 2000-mm-diameté&amera 200Gcattering cham-
ber maintained at a pressure ©fL0"® mbar was used.
A deuterated polyethylene target was placed at 10°

At the initial stage of the measurement, grids with 16
equally spaced slits each were placed in front of each PSD in
order to operate a calibration in position. A correspondence

; H)etween position signals from the PSD and angle of particle
Wit etection is therefore established. Energy calibration was
respect to the beam. During the experiment four differenfi : 9y

erformed by means of a standard three-peakource at

targets had to be used because of deterioration prOblemBhergies of 5.155, 5.484, and 5.806 MeV. At higher energies

their thicknesses were determined using an Am source. ,%1 . ; !
- ) : the elastic scattering ofLi on CD, and Au targets was em-
silicon AE-E detector placed at a distande-50.5 cm from ployed at beam energies of about 15, 20, and 25 MeV.

the target and a#=18.5° with respect to the beam axis was Lo :

used to detect the elastically scattered particles, thus allow- From the.tﬁtlﬁdg of the_ tv‘;ﬁ'bfdg'Ht( th" @) Hel reactlﬁnt_
ing for a continuous monitoring of the target thickness dur_occufmnng\t/l b y frogentlg Zoe a(;gti € anguiar rle?o ution
ing the measurement. was found to be of about 0.2° and the energy resolution was

Since theQ value (15.121 MeV for the 2H(’Li, aa)n Chiﬁl(hEd tohbe better thantl%% the incid
reaction is much larger than that for other possible reactions ough measurements o -a coincidences were

occurring with carbon or impurities in the target, and sincecamed out at incident beam energies 19 and 20 MeV, in

the « particles coming from théH("Li, «)*He reaction, oc- what follows we shall refer for clarity only to one of the

curring with hydrogen also present in the target, can be ea?—e\t'erfll evlents (;nz:,lzsﬂfl'ggted, namely t(} ;%m'\z'd\? nces between
ily separated from those of interest, it was not necessary tge ectors 1 an I-beéam energy o ev.

identify the reaction products by means/X-E telescopes. d r|1n order :10 t:eic:]l:ce ;h?hcog:n”bﬂt'?nnjrcl)irtn C:andorrlr\} (;?”:C" i
Detection of the outgoing particles has therefore been per- ences, constraints o N e-lo-ampiitude converter pa

formed by using six (58 10) mm silicon position sensitive rameter as well as on the reactighvalue spectrum have
detectors(PSD), three at each side of the beam axis. Thealso been operated. In such a way clean projections on one-

resulting detection setup is thus different from that of a pre—"’mmd Itwol-:(iilmt;nsEnVitl st[?]ect:lamhzw;:‘ b;een or:)tta|\r/1erci. As :;m ex
vious experiment where ionization chambers were used &&"P/e: Fig. 2 shows the number of counts vergys a

AE-E telescope$25]. 0,,=45°*0.5° andd,,=45°+0.5°. In order to check the

Calculations of quasifree angles have shown that the twoature of the two peaks of Fig. 2 projections have been per-
a’s are emitted with a relative anglge~90° almost inde-  formed on the variableg, ,, (relative energy between the
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Ear (MeV) FIG. 3. Spectrum inpg fitted according to the procedure de-

scribed in the text. It is clearly seen that the region between

FIG' 2. a-a co_n_wmdence spectr_um prc)_Jegted on 1|Egl axis. +40 MeV/c cannot be accounted for by a sequential decay contri-
Experimental conditions are also given. Similar spectra have bee ;1ion alone.

obtained for all the events and angles as reported in the text.

namely that aroungd,=0, cannot be accounted for with such
a fit and this has therefore been interpreted as evidence that
the quasifree mechanism actually takes place in the reaction
investigate possible contributions from formation®@fe and 2H(Li, «a)n. After subtraction of sequential-decay contri-
°He, respectively. butions from the experimental spectra, quasifree data have
From such an analysis it is concluded that the reactiombeen plotted as a function @&, , that is the relative’Li-p
?H("Li, @a)n mainly proceeds through formation of the energy, defined in the so-called post-collision prescription as
16.6 and 16.9 MeV levels of théBe* as expected for the
energy and angular conditions studied in the present mea- Ep=Es, .0, Q. (6)
surement(Ref. [24]). The same procedure described above
has been applied to each event, each beam energy, and wihereQ (=17.346 MeV is the Q value for the two-body
possible angle pairs: similar results have been obtained fofLi( p,«)*He reaction.
events where a quasifree contribution is expected. However, The nuclear differential cross section shown in Fig. 4 was
in coincidences 2—5 and 3—-6 a small contribution duBHe  then obtained from Eq(4), where|®(ps)|2 was calculated
formation seems to have been observed and could overlagsing the well-known approximation in terms of a Hulten
the energy region of interest for the quasifree mechanisnvave function to describe the-p motion in 2H, i.e., U(r)
(Ref. [24]). Therefore, in order to reduce the chance for a=(e=2"—e~"")/r with a=0.2317 fm * andb=1.202 fr *
systematic error connected with the subtraction of such @Ref.[21]). A remarkable agreement in the trenddefN/dQ)
contribution, only data analysis related to coincidences 1-4erived by measuring the three-body cross section at differ-
is reported in the present paper. ent beam energies has to be stressed. This is shown in Fig. 4
In order to separate quasifree contributions from those
due to the sequential decay ¢Be, data from each event and
beam energy have been projected orp{o momentum of
the neutron, with the further condition that the relative angle
between any two coincidenrt’'s matches the quasifree value
at the proper beam energy. A typical projection is shown in
Fig. 3. Each of the two peaks is due to both of the unresolved
16.63 and 16.92 MeV levels ifiBe. Such a sequential con-
tribution has been reproduced by means of a Monte Carlo
calculation. A Breit-Wigner formula integrated over the ac-
cessible phase-space volume has been used and contributions

two outgoinga particles, E, , andE, , (relative energy
between the neutron and each of theparticleg, so as to

20

da"/dQ  (arb. units)

!

from the two levels were incoherently added with a relative
weight determined by a best fit to the experimental spectra.
The levels’ parameters used were as reportegf®@@ with a
correction for the experimental energy resolution. It has been
verified that the relative weights given by this fit are in good
agreement with those coming from a fit on tl’ﬁgl,a2 spec-

tra.
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It is clearly seen that the region between the two peaksyard triangle and 21 MeV(upward triangles
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FIG. 5. Nuclear differential cross section averaged over the four FIG. 6. Excitation fu_nctlon for théH("Li, a) Hc_a rea(_:tlon. The
data sets of Fig. 4. present resultfull dots) is compared to that obtained in R¢28]

(empty dot3.

wheredaN/dQ) from data set at 19, 19.5, 20, and 21 MeV
have been normalized to each other. Figure 5 shows th
doN/dQ averaged over the four energy data sets.

In order to compare our results with those of a direct
measurement it is now necessary to correct the nuclear cross
section for the penetration function through the Coulomb 1o different procedures have been adopted to derive the
barrier. As a first approximation we have assumed that th‘éstrophysicaB(E) factor from our data. The first one em-

=0 partial wave represents the main contri_bution to th loys the usual definition of th&(E) function, namely,
reaction process, so that the probability of barrier penetration

can be expressed as S(E)=exp27n)Ea(E). (8
Go= exp{ —2KR,
ond approach explicitly takes into account the fact that the
THM allows for a measurement of the nuclear cross section.
with According to the formalism given in Reff9] it is then pos-
sible to express the astrophysical factor as

result then shows the consistency of the method used even at
3nergies well below the Coulomb barrier.

V. ASTROPHYSICAL FACTOR

arctar Rc/Rn—l)l’Z_ Ra
(R./R,—1)*2 Re

a(E)=d"(E)G, as shown in Fig. &full circles). The sec-

} This definition has been applied to our data in the form of
(7

1/2

K= SNE)=EdN(E). 9

2
ﬁ(EC_ E)

This is justified by observing that the penetration function
andR,=R7;+R,(=3.21 fm andR; are, respectively, the given in Eq.(7) and the usual Gamow factor exp2my),
nuclear radius of interaction and the distance of classicahtroduced in the extrapolation dB(E) from direct data,
turning point(e.g.,[27]). Although a more realistic Woods- should cancel out. Indeed, since the Gamow factor represents
Saxon potential would give a more accurate calculation obn approximate expression for the tunneling probability
the penetration probability, the above expression is a goodiven in Eq.(7), there is a small discrepancy between the
enough approximation for the purposes of the present workrend of the twoS(E) factors obtained according to the two

The comparison between the excitation function thus obdifferent methods, as shown in Fig. 7. It is worth noticing,
tained and that of a direct measuremig28] is shown in Fig.  however, that the astrophysic3(E) factor obtained with the
6. Our data(full circles) have been normalized to the direct second approachi.e., what we have indicated &'(E)] is
ones(open circleg in the energy region around,,,~0.3  independent of approximations introduced by any tunneling
MeV. The good agreement between the two data sets revegigobability function, which makes an interesting peculiar
that the assumption for a domindrt O partial wave is cor- feature of the THM.
rect within the accuracy of the experimental information The comparison between tI8E) factor obtained in the
available. Moreover, it has to be stressed that a good agrepresent measuremeifirst approach and that reported in
ment between the two trenddirect and indireqtis a neces-  Ref. [28] (empty circle$ is shown in Fig. 8. Again a good
sary condition before extracting the astrophysiS@E) fac-  agreement is found. In order to determine the valu&(@¥)
tor by means of the THMapplicability tes}. In a previous our data have been fitted with a second-order polynomial
work (Ref. [21]), we had already shown that this agreementexpansion:
was indeed obtained above the Coulomb bafiier, without
having to correct for the penetration probabilitfhe present S(E)=S(0)+ S,E+ S,E? (10
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FIG. 7. AstrophysicaB(E) factors for the'H("Li, «)*He reac- FIG. 8. AstrophysicalS(E) factor for the *H(Li, «)*He reac-
tion calculated according EB) (full dots) and Eq.(9) (diamonds. tion as obtained from our data according to E).(full dots). Data
Fits to both trends are also reported. from Ref.[28] (empty dot$ are also shown for comparison.

in the energy regiolE. ,=0—0.3 MeV. To determine the two values of theS(0) factors, namely the one obtained in
influence of the point at 10 keV the same fit has also beethe present work through E¢8) and that extrapolated from
performed without this latter point. The results of these fitsdirect measurement&ef. [28]), might be ascribed to the
are summarized in Table |. approximate calculation of the penetration probability as
Our best estimate d8(0)=36+7 keV b has to be com- given in Eq.(7). Also, the uncertainties deriving from the
pared with the extrapolated orf&s(0)=52+8 keVb] of evaluation of the electron screening correction in the direct
Ref.[28]. It has to be observed, however, that both data setgata cannot be completely ruled out. It has to be recalled that
also suffer from a systematic error 6f20% and~10%, our result should in fact be independent of such an effect,
respectively, arising from the normalization procedure of oueing our measured cross section the nuclear part only. This
data to those of Ref28] and of these latter to those of an seems to be confirmed from the fact that our values of the
absolute cross section measureni@si. It can then be con- astrophysicalS factors agree quite well within the experi-
cluded that, within the uncertainties, the trend of 8(&)  mental uncertainties when we consider the two different
factor as obtained in the previous work agrees with thawvays used to calculate th® factor itself. It is also worth
given in Ref.[28]. As far as our previous measureméRef.  noticing that the nuclear cross section varies very slowly
[25]) is concerned, where an estimated valueS(®)=23 with energy and therefore the evaluation of the astrophysical
+9 keV b was obtained, it has to be recalled that former dat&® factor by means of Eq9) is not affected by the strong
suffered from a much lower statistics and were affected by &ariation of cross section around the Gamow peak encoun-
possible systematic error due to energy-loss reconstruction figred in direct measurements. Finally, the THM can also be

the gas inside the ionization chambers as well as in theifegarded as an independent tool to estimate the effects of the
electron screening by comparing the nuclear cross section

with the cross section for bare nucléRef. [3]), usually
evaluated from a theoretical point of view.
As far as the influence of the point at 10 keV is consid-
The present work shows the possibility of measuring theered, theS(0) value obtained by neglecting this point is even
astrophysical &) factor at energies relevant for astrophysi- lower than the one arrived at considering the full data set. In
cal applications by means of the Trojan-horse method. Thehis respect the value reported in Rg#8] can be regarded as
astrophysicaB(E) factor for the'H("Li, «)*He reaction has an upper limit and the results shown in the present work
been evaluated in two ways, as described in Sec. V. A poszannot help solving the problem of lithium depletion.
sible explanation for the small discrepancy observed in the In the light of this new value oB(0) we would like to

windows.

VI. CONCLUSIONS

TABLE |. Results of a second-order polynomial fit on tBE) factors, calculated according to the two
different approaches described in the text. Values of the fit without the lowest energy(ipojrat 10 keV

are also given.

S(E) = exp(2r7)Eo(E) SN(E)=Ea"(E)
Coefficients Full data set —10 keV point Full data set —10 keV point
S(0) (keV b) 367 31+14 326 2613
S, (b) 897 974 868 957
S, (keV 'b) — 2585 —2810 —-2393 —2660
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make some comments on the Li problem in the astrophysicahan 10% during preceding stages of the Sun’s evolution. In
context, in particular in environments such as dwarf stars andiew of such a fact our result does not solve the problem, but
open clusters. It is well known that the abundance of Li inrather supports even more the idea that a solution has to be
dwarf stars is generally too smatine or two orders of mag- found by taking into account factors other than the cross
nitude with respect to the prediction of evolutionary models. section, such as for instance the opacity of the stellar matter
A typical example is the Sufi30]. Lithium abundance de- o the treatment of convection.

duced from data on the Sun’s photosphere is 100 times lower As far as the Li depletion in open clusters like the Hyades
than that found in meteorites. Such an observational eviis concerned, it has already been pointed outf28] that
dence had brought to the hypothesis that Li burning in pregnly an exceeding(0) factor of about 78% with respect to
main sequence evolution might proceed at a higher rate thafat given in Ref.[28] could match the observations. Our

previously supposed. result is clearly far from fulfilling such a requirement.
However, since during this evolutionary phase the tem-

perature of a one solar-mass star is not high enough to justify

such a rate, it was also taken into account the possibility that ACKNOWLEDGMENTS

Li be burned also during the main sequence phase at the

bottom of the convective zone. From helioseismological data We are grateful to Professor G. Baur, Professor C. Rolfs,
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