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‘‘Trojan horse’’ method applied to 2H„

6Li, a…4He at astrophysical energies
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The 6Li ~6Li, aa)4He three-body reaction has been studied in a kinematically complete experiment atE6Li

56 MeV, from which indirect information on the2H~6Li, a)4He two-body reaction at 13<Ec.m.<750 keV has
been extracted by applying theTrojan horsemethod. The method used a recent improved formulation. The
derived astrophysicalS(E) factor for the two-body process is compared with that obtained from direct experi-
ments.
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I. INTRODUCTION

In recent years various indirect methods~e.g., Coulomb
dissociation@1,2# and transfer reactions@1,3–6#! have been
employed in determination of reaction cross sections
nuclear astrophysics. Among these methods, the so-ca
Trojan horse method~THM! @7# seems to be particularly
suited for extracting information about charged-partic
induced cross sections at the low energies encountere
astrophysics, because the method overcomes the effects
to the entrance channel Coulomb barrier. This method
already been used to determine the cross sections for
6Li( d,a)4He @8# and the7Li( p,a)4He @9,10# reactions. The
extracted astrophysicalS(E) factors have been compare
with those from direct measurements@11,12#. The
7Li( p,a)4He S(E)-factor seems to be in good agreeme
with direct data over the energy region investigated. In
case of the6Li( d,a)4He reaction, good agreement was o
tained in the energy rangeEc.m.50.15– 1.0 MeV, but not at
lower energies. Also the possibility of an application of t
THM to the 12C(a,a)12C reaction@13# has been recently
investigated.

In this paper we present an improved experimental st
of the 6Li ~6Li, aa)4He reaction performed with the aim o
extracting theS(E) factor for the reaction6Li( d,a)4He at
energies lower than 150 keV. To accomplish this aim a m
detailed treatment of the THM@14#, based on distorted wav
and plane wave Born approximation formulations of dire
reaction theory, is used here in a simple approach. In part
lar, the better quality of the present data allows us to inv
tigate the reaction at the ultralow energies.

*Permanent address: Laboratori Nazionali del Sud-INFN-via
Sofia, 44-95123 Catania, Italy
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II. THEORY

The basic assumptions of the THM have already be
discussed extensively elsewhere@7,9# and a detailed theoret
ical derivation of the formalism employed can be found
@14#. The method is based on the quasifree~QF! reaction
mechanism@15#, which allows us to derive indirectly the
cross section of a two-body reaction

A1x→C1c ~1!

from the measurement of a suitable three-body process

A1a→C1c1b. ~2!

The nucleusa is considered to be dominantly composed
clustersx andb. After the breakup ofa due to the interaction
with A the two-body reaction occurs between the transfer
particlex and nucleusA whereas nucleusb does not partici-
pate and acts as a spectator. The energy in the entrance
nel A1a can be chosen above the height of the Coulo
barrier, so as to avoid a reduction in cross section. At
same time the effective energy of the reaction betweenA and
x can be relatively small because the Fermi motion ofx in-
sidea can compensate at least partially for theA1a relative
motion. Since the transferred particlex is hidden inside the
nucleusa and the collision ofA and x takes place in the
nuclear interaction region, the two-body reaction is alm
free of Coulomb suppression and, at the same time, not
fected by electron screening effects.

For the given breakup reaction the relevantT-matrix ele-
mentTf i entering the cross section is conveniently calcula
in the postform distorted wave Born approximation~DWBA!

Tf i5^xBb
~2 !CCc

~2 !fbuVxbuxAa
~1 !fAfa&. ~3!

.
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The internal wave functions of nucleiA, a andb are denoted
by fA , fa , andfb , respectively. The distorted wavesxAa

(1)

andxBb
(2) describe the relative motion in the initial and fin

channel, whereB stands for theC1c system.CCc
(2) is the

full scattering wave function for the two-body reactionC
1c→A1x that is the inverse of the reaction of astrophysi
interest.

A crucial step is the surface approximation that has b
discussed in Ref.@14# by considering the structure of th
T-matrix element. It means to use the asymptotic form of
wave functionCCc

(2) in the final channel outside a radiusR.
Then a direct relation ofTf i to theS-matrix elements of the
two-body reaction can be established. To obtain simple
pressions a further plane wave~PW! approximation for the
relative motion of the initialA1a and the finalB1b chan-
nels is used. This seems to be a crude approximation at
sight, but it mainly affects the absolute magnitude of t
cross section. However, we are interested in extracting
energy dependence of the astrophysically relevant two-b
cross section. A change of the projectile energy could af
the cross section strongly, but this energy is fixed in
experiment. Since the momenta of the particles in the fi
state are quite large for a largeQ value and cover only a
small range of the total available three-body phase space
energy dependence is not expected to be strongly affecte
the replacement of distorted waves by plane waves. At
same time, the interaction in the final state between the
tected particlesC andc, where the aim is to reach very sma
energies, is fully taken into account.

Applying the above approximations one obtains the thr
body cross section as

d3s

dECdVCdVc
5KFuW~QW Bb!u2

16p2

~kAxQAa!
2

vCc

vAx

dsTH

dVAx
~4!

with the kinematic factor

KF5
mAamC

~2p!5\7

pCpc
3

pAa
F S pW Bb

mBb
2

pW Cc

mc
D • pW c

pc
G21

~5!
io

wo
s
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in standard notation for~reduced! masses, momenta, and v
locities. The quantitiesQW Aa andQW Bb in Eq. ~4! are given by

QW Aa5kWAa2
mA

mA1mz
kW Bb , ~6!

QW Bb5kWBb2
mb

mb1mz
kW Aa , ~7!

with the relative momenta\kWAa and\kWBb in the entrance and
exit channels, respectively. The momentum amplitudeW is
introduced by a Fourier transformation

Vxb~r xb!fa~rWxb!5E d3q

~2p!3 W~QW Bb!exp~ iqW •rWxb!fzfb

~8!

of the product of the ground state wave functionfa and the
interaction potentialVxb . It is directly related to the momen
tum distributionFz of the transferred nucleusx in the ‘‘Tro-
jan horse’’a by

W~QW Bb!5S Ea2
\2QBb

2

2mxb
DFa~QW Bb! ~9!

with the binding energyEa,0. The momentum\QW Bb is
directly related to the momenta of the spectator and tra
ferred particle after the breakup. Neglecting the binding
ergy of the nuclei, the argument ofW can be well approxi-
mated by

QW Bb'kW xb . ~10!

For a targeta at rest this is just the negative of the specta
recoilkb or the momentumkx of the transferred particlex. Of
course, in the actual calculation the full expression forQW Bb is
used.

The ‘‘Trojan-horse’’ cross section is
dsTH

dVAx
~Cc→Ax!5

1

4kCc
2 U(

l
~2l 11!Pl~Q̂Aa• k̂Cc!@SlJl

~1 !2d~Ax!~Cc!Jl
~21!#U2

~11!
on.
c-
oxi-
as

ell
the
with the total~nuclear1Coulomb! S-matrix elementsS1 for
the reactionC1c→A1x whered (Ax)(Cc) is the Kronecker
symbol. It has the form of a usual two-body cross sect
except for the functions

Jl
~6 !5kAxQAaE

R

`

drr j l~QAar !ul
~6 !~kAxr !, ~12!

which are a consequence of the off-shell nature of the t
body process. In this expression spherical Bessel functionj l

and Coulomb wave functionsu(6)5e7 is l(Gl6 iF l) appear.
n

-

The cutoff radiusR ~due to the surface approximation! is
usually chosen as the sum of the radii of nucleiA andx. The
argument of the Legendre polynomialPl in Eq. ~4! is just the
cosine of the c.m. scattering angle of the two-body reacti

The expression~4! for the three-body breakup cross se
tion resembles the result of a plane wave impulse appr
mation~PWIA! @16# where the cross section is factorized
a product of a kinematic factorKF , the momentum distribu-
tion Fa of the spectator inside nucleusa, and the usual two-
body cross section taken on-shell. In the PWBA off-sh
effects enter both in the momentum distribution and in
1-2
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two-body cross section. Since the Coulomb interaction
the two-body process is taken fully into account, we c
extract the low-energy behavior of the three-body cross s
tion due to the reduction of the Coulomb barrier by inves
gating the behavior of the integralsJl

(6) .
For large radii the integrand in Eq.~12! is a product of

two oscillating functions of unit amplitude and thus the in
gral does not converge in general. Only by deviating the p
of integration into the complexr plane can a finite result b
obtained. However, an exact numerical computation
comes rather involved. Here we will use a simple appro
mation. For small energiesEAx in the A1x channel, i.e.,
smallkAx and a large Sommerfeld parameterhAx , the irregu-
lar Coulomb functionGl in ul

(6) increases rapidly for smal
radii and the main contribution arises from radii close to
cutoff radiusR. Thus we use

Jl
~6 !}kAxQAaR

2 j l~QAaR!ul
~6 !~kAxR! ~13!

as a first approximation that contains the essential dep
dence on the energyEAx . Since the quantityQAa is almost
constant for smallQBb ~i.e., in the peak of the momentum
distribution! the dependence of the functionsJ(6) on the
energyEAx is given bykAxul

(6)(kAxR). The analysis is sim-
plified if the reaction of astrophysical interest is a nonelas
two-body process with different initial and final channe
such that theJl

(2) term in Eq.~11! is not present. Assuming
that only one partial wavel contributes dominantly to the
cross section, we find in this case

d3s

dECdVCdVc
5KFuW~Q̂Bb!u2

vCc

vAx
Pl

21Cl

ds l

dVAx
~Cc→Ax!,

~14!

with the usual on-shell two-body cross sectionds l /dVAx for
the reactionC1c→A1x in partial wavel and a constan
Cl . The essential feature is the appearance of the Coul
penetrability factor

Pl~kAxR!5
1

Gl
2~kAxR!1Fl

2~kAxR!
, ~15!

which compensates for the strong suppression in the t
body cross section at small energies due to Coulomb re
sion. The expression~14! corresponds to the heuristic ap
proach in PWIA where one also corrects the extracted t
body cross section for the effect of Coulomb penetrati
Because of the factorCl and the surface approximation, th
two-body cross section can only be obtained with an a
trary normalization but the essential energy dependence
be extracted. Absolute cross sections can be obtained
comparison to direct data available for most reactions of
trophysical interest for energies at least above the Coulo
barrier.

In the case of6Li ~6Li, aa)4He process considered her
the 6Li target can be assumed to break up dominantly into
constituent clustersa and d whereby thea particle is re-
garded as a spectator to the2H~6Li, a)4He virtual reaction.
Appropriate kinematic conditions can be selected so that
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Fermi motion of the deuteron inside6Li compensates, a
least partially, for the beam velocity. The2H~6Li, a)4He re-
action can then take place at low interaction energies
principle down to zero energy. Of course, due to the symm
try of the entrance channel, a similar QF process occ
where the target and the projectile exchange their roles
the case of projectile breakup the spectator will move
with almost the same velocity as before the occurrence of
reaction. The two cases for the QF breakup can be well
tinguished experimentally due to the different kinematic
properties of thea particles in the final state, which is re
flected, e.g., in their emission angles. In the following w
will discuss mainly the target breakup but similar consid
ations apply to the projectile breakup. Since we have ide
cal particles in the initial as well as in the final state, sy
metrization effects in both channels have usually to
included in the calculation. However, in the theoretical tre
ment of the reaction we have neglected these effects. On
one hand this error will hardly be larger than the errors fro
other approximations employed, on the other hand the re
tion takes places without a large overlap of the particles,
the surface approximation for theT-matrix element and the
low energies in the reaction relevant to astrophysics, red
ing the importance of possible corrections.

In general, one can imagine various reaction mechani
that can lead to threea particles in the final state, e.g., th
formation of compound states or other nondirect proces
However, their contribution to the measured cross sec
will be only a background effect with a careful selection
the covered phase space in our experiment, because
show a different dependence on energies and scatte
angles as compared to the QF process. Experimental
dence for a QF contribution in the6Li ~6Li, aa)4He process
has been obtained in a wide energy range@17–22#. From
these measurements it was observed that the QF mecha
is dominant even at low energies mainly because of the h
Q value ~520.896 MeV! that results in a high momentum
transfer. Sequential decay processes, which are usually
vored in three-body reactions, have been shown to be
important in a large part of the selected phase-space regio
those energies@22#.

The a-d momentum distribution in6Li has been widely
studied both in the PWIA and the DWIA@18,22#. The most
relevant result of these studies is that the two approac
have been found to give similar shapes for thea-d momen-
tum distribution. Once the6Li ground-state momentum dis
tribution is known, Eq.~14! can be inverted to obtain th
two-body cross section assuming a dominance of a partic
partial wave. In the more general case one has to use the
expression~4!. One expects a maximum in the cross sect
at the kinematic conditions where the spectator energyEa is
close to zero~assuming the Trojan horse6Li at rest!, which
reflects thea particle momentum distribution in6Li showing
a maximum atpa50, due to thes-wavea-d relative motion.
For the momentum distribution of the6Li ground state we
use the function

uFLi~q!u25
e2x

11x
with x5

q2

3555 fm22 , ~16!
1-3
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C. SPITALERIet al. PHYSICAL REVIEW C 63 055801
which has also been used in the analysis of the elastia
212C scattering in the THM with the6Li ~12C,2a)a reaction
@9#. It has been obtained in a simplea-d potential model of
the 6Li ground state with a binding energy ofELi
521.475 MeV. The shape of the momentum distributi
has a full width at half maximum of 73 MeV/c. This is con-
sistent with the determination from various experiments@18#.
Detection angles for the outcominga particles can be calcu
lated from three-body kinematics under the conditi
Ea(spectator)50. They are referred to as thequasifree
angles. Finally, we recall that thed-6Li relative energy~i.e.,
the center-of-mass energy for the two-body subsystem! is
defined in the so-called postcollision prescription as

Ec.m.5Ea1a2
2Q, ~17!

whereQ (522.372 MeV) is theQ value for the two-body
2H~6Li, a)4He reaction. Thea particle emission angleucm in
thed-6Li center-of-mass system can be calculated accord
to the relationship@23#

uc.m.5arccos
~vW Li2vW d!•~vW a1

2vW a2
!

uvW Li2vW duuvW a1
2vW a2

u
, ~18!

where the vectorsvW Li , vW d , vW a1
, andvW a2

, are the velocities of
the projectile, the transferred deuteron, and the two dete
a particles, respectively.

III. EXPERIMENTAL SETUP

The experiment was performed using the EN Tand
Van de Graaff accelerator of the Institut Ruder Bosˇković in
Zagreb. A 6Li21 beam at 6 MeV was used to bombard
isotopically enriched6Li2O target~125 mg/cm2!, evaporated
onto 20mg/cm2 carbon backing and oriented with its surfa
normal at 50° with respect to the beam axis. The beam
rent ranged between 10 and 15 particle nA. The beam
on target after collimation had a diameter of about 2 mm
silicon detector, placed atu540°, was used to detect th
elastically scattered particles, thus allowing for a continuo
monitoring of the target thickness during the experiment.

Since theQ value for6Li ~6Li, aa)4He is much larger than
that for other possible three-body reactions occurring
lithium, carbon, oxygen, or impurities in the target, thea-a
coincident events are kinematically well separated and
particle identification was needed. The outgoinga particles
were therefore detected using three 50310 mm2 silicon po-
sition sensitive detectors~PSD! centered at opposite sides
the beam axis at angles of 60°~PSD1!, 273° ~PSD2! and
2103° ~PSD3!. The choice of these angles was determin
according to the three-body kinematics for the emission
the twoa particles in the quasifree assumption of a break
process either in the target or in the projectile. In order
increase the solid angles with respect to the previous m
surement@8#, the detectors were placed closer to the tar
and covered solid anglesDV155.5 msr ~PSD1! and DV2
5DV3513 msr ~PSD2! and PSD3. The angular ranges
about 14° correspond to momentum values of the undete
‘‘spectator’’ a particle ranging from;2100 MeV/c to
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;100 MeV/c for both QF processes. This ensures that
bulks of the two quasifree contributions fall inside the inve
tigated regions.

Detector signals were processed by standard electr
chains and sent to the acquisition system that allowed
on-line monitoring of the experiment and the data storage
magnetic tape for off-line analysis.

IV. DATA ANALYSIS AND RESULTS

The angular calibration of the PSDs was performed
using collimators with 18 equally spaced vertical slits. E
ergy calibration was done by means of a standard241Am a
source and of the elastic scattering on6Li, Au, and Cd2 tar-
gets at higher energies. The angular resolution was foun
be about 0.2° and the overall energy resolution was be
than 1%.

In order to reduce the contribution of random coinc
dences, the time signals between any two detectors in c
cidence were also recorded and the true coincidence p
was selected off line. Additionally, the requirement on t
Q-value spectrum was also imposed. Figure 1 shows a t
cal kinematic locus for the6Li ~6Li, aa)4He three-body reac-
tion, obtained atu1560° andu25273°.

In order to check the presence of the QF contributio
one-dimensional spectra have been created by plotting
versusEa1

(Ea2
) for a given angleu1(u2) and for different

angles of the second detector, in steps ofDu51°, over the
full angular range. An example of the resulting projections
shown in Fig. 2. A broad peak shows up that correspond
zero-spectator momentum. The height of this peak decre
as pa moves away from zero, as expected for a quasif
contribution~Sec. II!. Similar results have been obtained f
other pairs of quasifree angles. In order to further verify t
nature of the peaks in Fig. 2, projections have been p
formed on the variablesEa ia j

~relative energy between an
two a particles! to investigate the presence of possible co
tributions from the formation and decay of8Be. Such analy-

FIG. 1. The kinematic locus for the6Li( 6Li, aa)4He reaction at
the quasifree angles ofu1560° andu25273° at beam energy o
5.67 MeV.
1-4
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‘‘TROJAN HORSE’’ METHOD APPLIED TO . . . PHYSICAL REVIEW C63 055801
sis confirms that in these selected energy and angular ra
the reaction 6Li ~6Li, aa)4He proceeds through the Q
mechanism@16–21#. There is no problem if an intermed
ately formed8Be in the finalC1c channel decays into th
two detecteda particles, because this kind of resonan
would also appear in theS-factor of the astrophysical two
body reaction. The decay of a8Be state consisting of the
spectator particle and one of the detecteda particles will
hardly give a significant contribution to the measured cr
section for the kinematical conditions in the present exp
ment.

At low energies the2H~6Li, a)4He reaction cross sectio
is dominated by thes-wave contribution. In this case th
relation to the astrophysicalS(E) factor is given by

4p
ss0

dVa1a2

~6Li1d→a11a2!

5s0~ELi2d!5
S~ELi2d!

ELi2d
exp~22pnLi2d!.

~19!

In order to extract the cross section for the4He~a,6Li !2H
reaction appearing in Eq.~14! that is the inverse of the reac

FIG. 2. Coincidence spectra projected on theEa axis for u1

560° and differentu2 ~270° to 277°!. The arrow marks the en
ergy corresponding to the zero momentum of the spectator a
quasifree angle pairu1560° andu25273°.
05580
es
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tion of astrophysical interest we apply the detailed bala
theorem. Thus, finally, the three-body breakup cross sec
can be expressed as a function of the astrophysicalS(E)
factor,

d3s

dEa1
dVa1

dVa2

5KFuW~QW ~a1a2!d!u2
C0

4p

mLi2dkLi2d

ma1a2
ka1a2

exp~22phLi2d!

ELi2dP0~kLi2dR!

3S~ELi2d!. ~20!

A Monte Carlo simulation of the experiment was pe
formed assuming a constantS(E)-factor and taking into ac-
count all cuts in energy and scattering angle for the detec
a particles as given by the detector setup. Additionally, o
events with spectator momentapa,35 MeV/c were se-
lected. We assume a cutoff radiusR54.3 fm that corre-
sponds to constantr 051.4 fm in the parametrization

R5r 0~ALi
1/31Ad

1/3!. ~21!

Dividing the experimental spectrum as a function of the re
tive energyEAx by the simulated event spectrum direct
gives the energy dependence of the astrophysicalS(E) fac-
tor. Statistical errors from the Monte Carlo simulation we
fully included in the errors of obtainedS(E) factors. The
indirect data were normalized to the direct data in the ene
range 600–700 keV where the electron screening effects
negligible. In Fig. 3 theS(E)-factor of the 2H~6Li, a)4He
reaction obtained in the THM is compared with data fro
direct measurements@12#. Uncertainty in relative energy is
estimated to be around 25 keV. Both data sets show a sim
energy dependence above'100 keV while at lower energies
the direct data exhibit a strong increase. This can be rela
to the electron screening effect~Sec. V! that is absent in the
indirect measurement. In our extraction we have assumed

he

FIG. 3. TheS(E) factor extracted with the Trojan horse metho
~full dots! is compared with direct data from Ref.@12# ~open dots!;
a fit to the indirect data with a second-order polynomial is a
shown as a solid line. The fit to determineUe is also shown~dotted
line!.
1-5
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C. SPITALERIet al. PHYSICAL REVIEW C 63 055801
dominance of thel 50 partial wave. At large relative ener
gies higher partial waves will contribute to the reaction cro
section. However, ourS(E) factor agrees well with the di
rectly measured values for energies above approximately
keV, even though it was normalized to the direct data o
between 600 and 700 keV. This makes our assumption q
reasonable. Significant contributions of higher partial wa
at energies lower than 100 keV are rather unlikely. TheS(E)
factor derived through the THM was fitted by a second-or
polynomial of the form

S~E!5S~0!1S1E1S2E2. ~22!

The best fit is shown in Fig. 3~solid line! and its coefficients
are reported in Table I together with those of a third-ord
polynomial. We can see no significant differences in the
efficients if we change the order of the polynomial fit. Sin
the Coulomb penetrability~15! depends on the choice of th
cutoff radius we adopted several values ofR by varying the
constantr 0 in the parametrization~21!. Additionally to r 0
51.4 fm we also usedr 051.3 fm andr 051.2 fm that corre-
spond toR54.0 fm andR53.7 fm, respectively. In Table
we find an astrophysicalS factor at zero energy in the rang
S(0)514.8– 16.9 MeV b that shows the sensitivity of the i
direct method to changes in the parameterR. Since the cutoff
radiusR corresponds to the interaction radius in the6Li1d
system we choose the larger value ofR54.3 fm, in agree-
ment with Ref. @24#. The corresponding value ofS(0)
5(16.960.5) MeV b is slightly smaller than the valu
S(0)517.4 MeV b extrapolated from direct measureme
of the cross section@12# after correcting for the electron
screening effect. Besides the cutoff radiusR, the extractedS
factor depends on the assumed shape of the momentum
tribution uFLiu2. Since we use a small momentum cutoff on
the peak region of the distribution is employed, which
quite independent of the exact form of the6Li ground state
wave function.

V. ELECTRON SCREENING EFFECT

For nuclear reactions studied in the laboratory, the tar
and the projectile nuclei are always bound in neutral ato
or molecules and ions. Interaction of the nuclides with th
electron clouds will cause the electron screening effect

TABLE I. Coefficients of a second- and third-order polynom
fit on the S(E) factors, according to the different values of cuto
radius used for the calculation.

Coefficients R53.69 ~fm! R54.00 ~fm! R54.31 ~fm!

S(0) ~MeV b! 15.260.5 16.160.5 16.960.5
S1 ~b! 233.25 236.975 239.950
S2 ~MeV21 b! 19.984 23.588 26.067

S(0) ~MeV b! 14.860.5 15.660.5 16.660.5
S1 ~b! 227.9 230.9 235.8
S2 ~MeV21 b! 3.7 4.9 13.3
S3 ~MeV21 b! 14.0 16.1 11.0
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hancing the ‘‘bare’’S(E) factor at low energies by a facto
e(phUe /E) ~see Ref.@12#!. The expected enhancement h
been observed in several fusion reactions~see Ref.@25# and
references therein! and was much larger than the adiaba
limit, i.e., the difference in electron binding energies b
tween the colliding atoms and the compound system. P
sible solution for this discrepancy might be found in one
more of the following areas:~1! the assumed energy-los
predictions at low energies,~2! the assumed nuclear reactio
models at energies far below the Coulomb barrier, and~3!
the assumed atomic-physics models.

The THM can provide an independent and experimen
test of area~2! because it allows us to measure the ba
astrophysical factorSb , which can be compared with th
screened~direct! value Sd @12# in order to extract the asso
ciated screening potential energyUe using

Sd5Sb expS phUe

E D . ~23!

In fact, the energy dependence ofSb(E) should be identical
to that derived by direct measurements, except at low e
gies (E/Ue,100), where the two data sets should differ d
to the effects of electron screening. Moreover, from the co
parison of direct and THM data we are able to have a m
sure ofUe independent of the model for electron screenin
Of course, the extracted screening potential energyUe de-
pends on the approximations used in the THM.

That is done for the present data set~Fig. 3!, leading to
Ue5340651 eV. This value is in agreement with the resu
of Ref. @12# and is much larger than 186 eV, predicted by t
adiabatic approximation for the Li1d case~see Table II!.
This kind of analysis was already performed for7Li1p
→a1a, where we foundUe;350 eV @25#. It is important
to stress the complementarity between the THM and dir
measurements to have hints on the low energy trend of
trophysically relevant cross sections and the electron scr
ing effect.

VI. CONCLUSIONS

The present work investigates a possible way of mea
ing the astrophysicalS(E) factor at energies relevant fo
astrophysical applications by means of the Trojan ho
method. The energy dependence of the astrophysicalS(E)
factor can be directly deduced by measuring the cross sec
of a suitably chosen reaction with three particles in the fi
state. The strong energy dependence in the cross sectio
the astrophysically relevant two-body reaction due to
Coulomb barrier is removed by penetrability factors in t
cross section of the three-body reaction. We have use
simple approximation for the integral that appears in
postform PWBA within the surface approximation. Th

TABLE II. Comparison between screening potentialUe ex-
tracted via THM for6Li1d ~present work! and 7Li1p @25#.

6Li1d→a1a 7Li1p→a1a Adiabatic limit

Ue ~eV! 340651 ;350 186
1-6
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THM can help to overcome the problems connected with
extraction of the bare nucleus cross section from the shie
nucleus cross section, which is measured in direct exp
ments. Alternatively the THM can be regarded as an in
pendent tool to investigate the effects of electron screen
by comparing the cross section for bare nuclei from
THM with the cross section from direct measurements.
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vopoulos, D. Miljanić, and E. Norbeck, Z. Phys. A330, 1848
~1988!, and references therein.

@23# I. Slaus, R. G. Allas, L. A. Beach, R. O. Bondelid, E. L
Petersen, J. M. Lambert, P. A. Treado, and R. A. Moyle, Nu
Phys.A286, 67 ~1977!.

@24# R. D. Evans,The Atomic Nucleus~McGraw-Hill, New York,
1969!.

@25# M. Aliotta, C. Spitaleri, M. Lattuada, A. Musumarra, R. G
Pizzone, A. Tumino, C. Rolfs, and F. Strieder, Eur. Phys. J
9, 435 ~2000!.
1-7


