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Validity test of the ‘‘Trojan horse’’ method applied to the 6Li „p,a…

3He reaction
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The 6Li( p,a)3He reaction has been studied fromEc.m.52.4 MeV down to astrophysical energies by means
of the indirect Trojan horse method applied to the2H(6Li, a 3He) n three-body reaction performed at an
incident energy of 25 MeV. Coincidence spectra measured in a kinematically complete experiment show the
presence of the quasifree6Li-p process. The excitation function for this process was extracted from the
three-body reaction cross section at low neutron momentum and compared with the behavior of the free
two-body reaction cross section.
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I. INTRODUCTION

Among indirect methods to study charged particle re
tions at astrophysical energies, e.g., Coulomb dissocia
@1,2# and the asymptotic normalization coefficient meth
@3–6#, the Trojan horse method~THM! @7–9# has proven to
be a very powerful tool since it makes it possible to comp
sate the exponential decrease of the cross section at
Coulomb energies. Once selected, the quasifree contribu
of an appropriate three-body reaction performed at ener
well above the Coulomb barrier, the off-shell cross section
the astrophysically relevant two-body reaction can be
tracted even at very low relative energy. A number of re
tions, such as7Li( p,a)4He and 6Li( d,a)4He, connected
with fundamental astrophysical problems@10,11# have al-
ready been studied through thed(7Li, aa)n @12–16# and the
6Li( 6Li, aa)4He @17,18# three-body reactions, respectivel
Important results were obtained and those studies allowe
validate the conditions under which the method can be
plied at energies above and below the Coulomb barrier,
though not within the same experiment. The present pa
reports on a recent investigation of the6Li( p,a)3He reaction
through the 2H(6Li, an)3He three-body reaction. A wide
range ofEc.m. for the 6Li-p system was explored, allowing t
perform a complete validity test of the THM below an
above the Coulomb barrier at the same time. Besides a
resonants-wave contribution, the6Li( p,a)3He two-body re-
action appears to proceed through a state of the interme
7Be nucleus at 7.2-MeV excitation energy, which produce
resonance atEc.m.51.6 MeV in the6Li-p excitation function
@19–22#. A noticeable result would mean the presence of
same resonant behavior in the6Li-p excitation function in-
directly extracted. The quasifree contribution to t
2H(6Li, an)3He reaction was previously investigated at e
ergies above the Coulomb barrier@23#. In spite of the large
energy step exploited in that experiment, a fair global agr
ment with the free reaction cross section was obtained
quasifree data were reproduced quite well by a simple ca
lation based on the plane-wave impulse approximation@24#.
0556-2813/2003/67~6!/065803~7!/$20.00 67 0658
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We will employ two steps in the evaluation of the expe
mental data: first the quasifree contribution to the three-b
breakup reaction is selected from the experimental data
compared with the result of a Monte Carlo simulation p
formed under the assumption of a pure quasifree mechan
then the two-body excitation function is extracted from t
data and compared with the one obtained from a dir
6Li( p,a)3He experiment. A number of direct datasets co
cerning the6Li( p,a)3He reaction are available, and most
them are accounted for in the NACRE compilation@19–
22,26–32#. Here we refer to the data of Ref.@22#, which
cover the whole energy range investigated in the pres
work, and whose resonant behavior appears to be w
reproduced by the fittedS factor curve in the NACRE
compilation@32#.

II. A REVIEW OF THE THM THEORETICAL FORMALISM

We give a short description of the basic hypotheses of
THM, since it has already been presented several tim
@8,9,14–16,18#. The THM applies to a reaction between
particleA and a nucleusa ~the Trojan horse!, whose associ-
ated wave function has a large amplitude for ax2b cluster
configuration. Under appropriate kinematical conditions it
possible to select the quasifree contribution to the three-b
breakup reaction where the particleA interacts only with the
partx of the nucleusa, leaving the nucleusb as a spectator to
the processA1a(5x1b)→C1c1b. The A1a reaction
occurs at a center-of-mass~c.m.! energyEAa above the Cou-
lomb barrier, chosen in such a way that the quasifreeA1x
process can take place even at very low sub-Coulomb e
giesEAx . In this framework, thex2b binding energy plays
a key role in compensating for theA1a relative motion,
determining the so called ‘‘quasifree two-body energ
given by

Eqf5EAx2Bx2b , ~1!

equivalent to the expression given in Ref.@9#. EAx represents
the beam energy in the center-of-mass of the two-bodyA
©2003 The American Physical Society03-1
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2x system andBx2b is the binding energy for thex2b
system. Then, a cutoff in the momentum distribution, wh
is related to the Fermi motion ofb inside the Trojan horsea,
fixes the range of energiesEAx around the ‘‘quasifree two-
body energy’’ accessible in the astrophysically relevant re
tion. Since the Trojan horse method effectively removes
Coulomb barrier for the systemA2x, their collision takes
place in the nuclear interaction region without suffering fro
either Coulomb suppression or electron screening effect
detailed theoretical formalism has been employed in a p
form distorted-wave Born description to derive the relati
between the triple differential cross section of the three-b
breakup reaction and the two-body cross section of inte
@8,9#. In this approach the surface approximation is e
ployed in order to derive an expression of the three-bo
T-matrix element in terms of theS-matrix elements of the
astrophysical two-body reaction. A further and simpler d
scription in terms of a modified plane-wave approximati
leads to a form for the three-body cross section similar
that of the plane-wave impulse approximation@24#. The
modified plane-wave approximation still accounts for t
Coulomb effects in the two-body reaction, but neglects th
in the entrance and exit channels of the three-body reac
As long as the energies involved are high enough, as in
present case, this does not change the energy dependen
the astrophysical relevant two-body cross section but only
absolute magnitude. Therefore, the THM can be used to
tract the energy dependence of the two-body reaction. H
ever, the absolute magnitude of the cross section has t
derived from a scaling to direct data available at higher
ergies.

Here we give only the most relevant formulas. For deta
we refer to Refs.@8,9#. Using the above approximations, th
triple differential cross section is given by

d3s

dECdVCdVc
5KFuW~QW Bb!u2

16p2

kAx
2 QAa

2

vCc

vAx

dsTH

dV
~2!

with momenta

\QW Aa5pW Aa2
mA

mA1mx
pW Bb , \QW Bb5pW Bb2

mb

mb1mx
pW Aa ,

~3!

and a momentum amplitudeW(QW Bb) that is connected to the
wave function of the Trojan horsea in momentum space. Fo
the present case the deuteron is the Trojan horse wher
assume a Hulthe´n wave function

F~rW !5A ab~a1b!

2p~a2b!2

1

r
~e2ar2e2br! ~4!

with parametersa50.2317 fm21 and b51.202 fm21 @12#
for its ground state. KF is a kinematical factor, given by

KF5
mAamc

~2p!5\7

pCpc
3

pAa
F S pW Bb

mBb
2

pW Cc

mc
D • pW c

pc
G21

~5!
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in obvious notation for~relative! momenta and~reduced!
masses, whereB denotes theC1c system. The two-body
THM cross section in Eq.~2! is given by

dsTH

dV
5

1

4kCc
2 U(

l
~2l 11!Pl~Q̂Aa• k̂Cc!@SlJl

(1)

2d (Ax)(Cc)Jl
(2)#U2

~6!

with the total~nuclear1 Coulomb! S-matrix elementsSl 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

`

dr r j l~QAar !ul
(6)~kAxr !, ~7!

which reflect the off-shell nature of the two-body proce
These functions are given in terms of spherical Bessel fu
tions j l and Coulomb wave functionsu(6)5e7 is l(Gl
6 iF l). The integral is calculated starting from the so call
cutoff radiusR, which is introduced in the surface approx
mation and is usually chosen as the sum of the radii of nu
A andx. The argument of the Legendre polynomialPl in Eq.
~3! corresponds to the cosine of the c.m. scattering angl
the two-body reaction. For small energiesEAx

5\2kAx
2 /(2mAx) in the A1x channel, i.e., smallkAx and a

large Sommerfeld parameterhAx , the main contribution to
the integral derives from radii close to the cutoff radiusR,
due to the behavior of the irregular Coulomb functionGl in
ul

(6) that increases rapidly for small radii. Thus, we use

Jl
(6)}kAxQAaR

2 j l~QAaR!ul
(6)~kAxR! ~8!

as a first approximation to the integral which contains
essential dependence on the energyEAx . Since the quantity
QAa is almost constant for smallQBb ~i.e., in the peak of the
momentum distribution! the dependence of the function
J(6) on the energyEAx is given bykAxul

(6)(kAxR). For in-
elastic processes involving different initial and final chann
the Jl

(2) term in Eq.~3! vanishes. Thus, Eq.~2! reduces to
the more simplified form

d3s

dECdVCdVc
5KFuW~QW Bb!u2

vCc

vAx
(

l
PlCl

ds l

dV
~Cc→Ax!,

~9!

where we neglected the interference from different par
wavesl. The quantityds l /dV represents the on-shell two
body cross section for the reactionC1c→A1x in partial
wave l, whose Coulomb suppression at low energies is co
pensated for by the presence of the penetrability factor

Pl~kAxR!5Gl
2~kAxR!1Fl

2~kAxR!, ~10!

andCl is a constant. Expression~10! strongly resembles the
factorization resulting from a plane-wave impulse appro
mation @24# further corrected for the Coulomb penetratio
3-2
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VALIDITY TEST OF THE ‘‘TROJAN HORSE’’ . . . PHYSICAL REVIEW C 67, 065803 ~2003!
The a priori inclusion of Coulomb and off-shell effects i
indeed the essential feature of the present approach. Th
pearance of the constant factorCl and the employed approxi
mations prevent the absolute value of the two-body cr
section to be known. Nevertheless, absolute cross sec
can be obtained through normalization to direct data av
able for most reactions of astrophysical interest at ener
above the Coulomb barrier.

III. THE EXPERIMENT

The experimental study of the2H(6Li, a3He)n reaction
was performed with the SMP Tandem van de Graaff ac

FIG. 1. Example of aDE-E matrix for telescopeT1.

FIG. 2. ExperimentalQ-value spectrum for the3He1a1n
channel.
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erator at the Laboratori Nazionali del Sud in Catania.
200 mg/cm2 CD2 target was bombarded with a 25-MeV6Li
beam, with a spot size on target of about 1-mm diameter.
experimental setup consisted of twoDE2E telescopes with
20-mm silicon detectors asDE and 1000-mm position sensi-
tive detectors~PSD! asE detector. The two telescopes, calle
T1 andT2 in the following, were placed on opposite sides
the beam direction covering the laboratory angles 14.5°
24° and 28.3° to 37.7°, respectively, with equal solid ang
of 12.5 msr. These angles were selected in order to fulfil
quasifree conditionpn50 MeV/c for the breakup process o
interest whena and 3He were detected and identified inT1
and T2, respectively. The wide angular ranges allowed
have several quasifree (ua ,u 3He) angular pairs contributing
to the process and momentum values for the undetected
tron spectator ranging from about2100 MeV/c to about
100 MeV/c. The trigger for the event acquisition was give
by the coincidence between the hits of the two telescop
Energy and position signals for the detected particles w
processed by standard electronics together with the delay
tween the time signals for each coincidence event, and
to the acquisition system for the online monitoring of t
experiment.

IV. DATA ANALYSIS AND RESULTS

The energy and position calibration of theDE detectors
and PSDs was performed using data acquired in prelimin
runs of the12C(6Li, a)14N reaction at several beam energie
after the identification of the manya peaks corresponding to
well known excited states of14N. A standard three-peaka
source was also used. Energy and position resolution w
found to be better than 1%. In order to fully identify th
channel of interest and to focus on the kinematical conditi

FIG. 3. Kinematic locus of eventsE3He vs Ea within the peak in
the Q-value spectrum of Fig. 2.
3-3
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FIG. 4. Coincidence spectra projected on t
Ea axis for a fixedu3He and differentua within
angular ranges of60.5°. The arrow on theEa

axis marks the condition corresponding topn

50.
he

es
e

m
m

e
in

k
ra

co
th

s,
ar
a
rly
a
d
to

ts
ue

s

to
ntal
be
in

e

tic
e

ith

and

en-
red
ents
hat

ent
um.
ha-
o-

nte
evi-
where the quasifree process should be dominant,a and 3He
loci have been selected in theDE-E matrices of theT1 and
T2 telescopes, respectively. As an example, theDE-E matrix
for T1 is shown in Fig. 1. Beside the events falling into t
Z51 andZ52 loci and into the elastic scattering tail~see
the figure!, the simultaneous detection of two light particl
produces the groups of spurious signals in between. Th
events do not interfere at all in the selection of thea and
3He loci for the further analysis, being well separated fro
them. The kinematics were reconstructed under the assu
tion of a neutron as third particle, leading to theQ-value
spectrum shown in Fig. 2. The spectrum shows a sharp p
just below 2 MeV, which corresponds to the channel of
terest, i.e.,3He1a1n, whose calculatedQ value is 1.79
MeV. The corresponding locus of the events in the E3He ver-
susEa plane is shown in Fig. 3. The resulting spectra ma
us confident regarding the quality of the performed calib
tion, and the possibility to well identify the3He1a1n
channel. In order to check the presence of the quasifree
tribution, coincidence spectra have been projected on
E3He(Ea) axis for a fixed angle of one of the two particle
u 3He(ua) and varying the other angle within the angul
range of the detector. An example of the resulting spectr
shown in Fig. 4. The arrows mark the condition of nea
zero neutron momentum. The feature expected for a qu
free process shows up, that is, the coincidence yield
creases aspn moves away from zero, which corresponds
the (u 3He,ua)5(34.5°,18.8°) angle pair. Similar resul
have been obtained for other quasifree angle pairs. Seq
tial processes through the ground state of5He or excited
06580
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states of7Be or 4He are expected to feed the3He1a1n
channel. While the decay from the5He ground state leave
the final neutron with a momentum larger than 100 MeV/c,
the other two through7Be* and 4He* might produce some
effect within the quasifree region of the events. In order
check the presence of those contributions, the experime
quasifree momentum distribution for the neutron can
compared with the expected theoretical behavior given
terms of the Hulthe´n wave function in momentum spac
@16#.

Dividing the quasifree coincidence yield by the kinema
factor, we are left with a quantity that is proportional to th
product of the momentum distribution for the neutron w
the differential 6Li-p two-body cross section@see Eq.~11!#.
In the region of the selected quasifree angles, energy
angle in the center-of-mass system for the6Li-p two-body
channel vary within such a restricted range that the differ
tial two-body cross section in this range can be conside
almost constant. Then the quantity defined above repres
essentially the momentum distribution for the neutron t
has to be compared with the Hulthe´n wave function in mo-
mentum space.

From the comparison reported in Fig. 5 a fair agreem
shows up in the region approaching zero neutron moment
In order to single out the region where the quasifree mec
nism is dominant, only coincidence events for neutron m
menta ranging from230 MeV/c and 30 MeV/c were con-
sidered in the further analysis.

The experiment was simulated by means of a Mo
Carlo calculation based on the theoretical approach pr
3-4
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VALIDITY TEST OF THE ‘‘TROJAN HORSE’’ . . . PHYSICAL REVIEW C 67, 065803 ~2003!
ously described. The reaction was assumed to proc
through a pure quasifree mechanism and all experime
constraints in energy and scattering angles for the dete
particles were taken into account. The momentum distri
tion of the neutron inside the deuteron was described
terms of the parametrization given in Ref.@16#. The two-
body cross section entering the calculation is the result
single-levelR-matrix parametrization of the6Li1p reaction
@22#, taking into accounts andp waves in the entrance chan
nel. Thes-wave contribution describes the low-energy no
resonant part of the cross section and thep wave is respon-
sible of the resonant contribution since the6Li1p two-body
reaction also proceeds through the 5/22 resonant state of7Be
at 7.2 MeV@22#. The level parameter values for theR-matrix
fit are given in Table I. For all states involved in theR-matrix
calculation, except for the resonance, a background r
nance at 30 MeV was assumed. A channel radius of 4.0
was used. The2F5/2 channel in the3He14He final partition
is necessary to describe the resonant structure in the initp
wave, as well as to account, together with the2D3/2, for
contributions and couplings in theBL coefficients of the an-
gular distributions@22#. The inclusion of the2D5/2 and 2F7/2
in the final partition, and of thed waves in the initial parti-
tion might be needed for a more precise calculation, but
discussed in Ref.@33#, the properties of such levels are to
uncertain to make reliable a completeR-matrix fit. The result
of the R-matrix calculation is shown in Fig. 6. Dashed a
dotted lines represent thel 50 andl 51 contributions to the
two-body cross section, respectively. Their incoherent s
~full line! is superimposed to the direct data from Ref.@22#.
Our R-matrix fit gives a totalx255.35 for the cross section
which is rather good for 30 data points and 13 variable
rameters. The fit appears to be better than that of Ref.@22#,
being able to reproduce quite well the behavior of the dat

FIG. 5. Experimental momentum distribution for the specta
neutron~full circles!, compared with distribution derived from th
Hulthén wave function~dashed lines!.
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the full range. The bump at 0.7 MeV may also partially orig
nate from the contribution of the very broad (G51.2 MeV)
first 5/22 level of 7Be at 6.73 MeV of excitation energy
However, due to its rather large width, this level should n
give a substantial improvement to the fit, which in this ca
would require a more complex two-levelR-matrix calcula-
tion.

The selected coincidence yield, still not corrected for t
geometric efficiency of the experimental setup, is shown
Fig. 7 as a function of thep-6Li relative energy. A wide
p-6Li relative energy range is populated, from about 2
MeV down to 40 keV. The three-body cross section from t
Monte Carlo calculation is also shown~full line!, together

TABLE I. Level parameters of theR-matrix fit: Jp, total angular
momentum;El , level energy;s, channel spin;l, orbital angular
momentum; andglc , reduced width amplitude.

Jp El ~MeV! Channel s l glc ~MeV1/2)

1
2

1 30.00 6Li1p 1
2 0 5.3975

1
2

1 30.00 3He14He 1
2 0 8.6297

3
2

1 30.00 6Li1p 3
2 0 139.8268

3
2

1 30.00 3He14He 1
2 2 4.0860

5
2

2 7.15 6Li1p 3
2 1 0.9375

5
2

2 7.15 3He14He 1
2 3 0.1620

3
2

2 30.00 6Li1p 3
2 1 4.6704

3
2

2 30.00 6Li1p 1
2 1 27.2431

3
2

2 30.00 3He14He 1
2 1 2.0540

1
2

2 30.00 6Li1p 3
2 1 1.17516

1
2

2 30.00 6Li1p 1
2 1 1.1043

1
2

2 30.00 3He14He 1
2 1 3.7961

FIG. 6. Experimental cross section for the6Li( p,a)3He reac-
tion from Ref. @22# ~open triangles!; full line, R-matrix fit to the
experimental cross section for the same reaction; dashed and d
lines, separatel 50 andl 51 contributions.

r
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A. TUMINO et al. PHYSICAL REVIEW C 67, 065803 ~2003!
with the separatel 50 ~dashed line! and l 51 ~dotted line!
contributions. The calculation reproduces quite well the
perimental behavior confirming the assumptions employ
The further step was to extract the two-body cross sec
from the coincidence yield in order to be compared with
two-body cross section from direct measurements. The
propriately scaledl 51 contribution from the simulation o
Fig. 7 was subtracted from the coincidence yield resulting
a smooth spectrum for the nonresonants-wave contribution.
This spectrum was first divided by the result of a Mon
Carlo simulation for thel 50 contribution, assuming a con
stant on-shell two-body cross section@see Eq.~10!#, and then
summed up to thel 51 contribution from theR-matrix fit to
the direct data~see Fig. 6!. The result represents the two
body cross section extracted from the three-body react
Penetrability effects, due to the presence of both Coulo
~1.2 MeV! and centrifugal~3.9 MeV! barriers in the direct
data, were fully accounted for in the procedure. The obtai
two-body cross section is shown in Fig. 8~full circles! and
compared with the directly measured cross section~open tri-
angles!. The overall agreement is quite good with a distin
contribution from the resonance. The two sets of data
normalized to the top of the resonance and the reported
perimental errors contain both statistical and normalizat
uncertainties, for an overall relative error of 11%. Thex2

value of the fit to the direct data is 14.2 for 28 data poi
and one variable parameter, which accounts for the norm
ization between the two sets of data. A good agreement
necessary condition for the applicability of the THM in th
further extraction of the astrophysicalS(E) factor and thex2

value can be considered as an important index of confide
for the performed validity test. Earlier works have alrea
shown the consistency of the THM at energies above
two-body Coulomb barrier@15#. Furthermore, the metho

FIG. 7. Three-body coincidence yield projected on thep-6Li
relative energy~full circles!; full line, calculated three-body cros
section; dashed and dotted lines,l 50 andl 51 contributions.
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was checked also at sub-Coulomb energies@14,18#. The
present result represents the first validity test spanning at
same time both energetic regions. TheS(E) factor from the
indirect data was then extracted and compared with the di
behavior, as shown in Fig. 9. For completeness, beside
data of Ref.@22# ~open triangles!, lower energy data of Ref
@25# ~open circles! are reported and superimposed to ou
~full circles!. The full line represents the result of a seco
order polynomial fit to our data,S(E)53.0023.02E
11.93E2, which gives aS(0) value of 3.0060.19 MeV b.
However, being the very low energy part of theS(E) spec-
trum in the tail of the detection efficiency curve, its behav
has to be further substantiated. An experimental study of

FIG. 8. Indirectp-6Li two-body cross section~full circles! com-
pared with the direct data from Ref.@22# ~open triangles!.

FIG. 9. Indirectp-6Li S(E) factor ~full circles! compared with
the direct data from Refs.@22# ~open triangles! and @25# ~open
circles!. The full line represents the result of a second order po
nomial fit to the indirect data, as reported in the text.
3-6
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VALIDITY TEST OF THE ‘‘TROJAN HORSE’’ . . . PHYSICAL REVIEW C 67, 065803 ~2003!
2H(6Li, a3He)n reaction at lower beam energy will be pe
formed in the near future, aimed at populating the ene
region of astrophysical interest. A clear understanding of
low energy data, will help in defining the ‘‘transition’’ regio
where the disagreement between the two sets of data sh
be attributed to the presence of electron screening effec
the direct ones. This will allow us to get an estimate of t
electron screening potential from the comparison of the
experimental trends.

V. CONCLUSIONS

The obtained result on the2H(6Li, a3He)n reaction estab-
lishes the presence of the quasifree mechanism around
r,
e
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region of spectator momentum close to zero. The mechan
proceeds through a virtual two-body reaction of the incid
6Li with the proton in 2H. The p16Li reaction was indi-
rectly studied over a wide range of relative energy from 2
MeV down to the astrophysical region. The present work
of remarkable importance, being the first unified validity te
for the THM below and above the Coulomb barrier. In a ne
step the same two-body reaction using3He as Trojan horse
nucleus instead of2H will be studied. A relevant difference
is the presence of a charged particle as spectator~the deu-
teron!. This would allow to further test the dependence of t
THM on the Trojan horse nucleus and on the spectator.
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