PHYSICAL REVIEW C 67, 065803 (2003

Validity test of the “Trojan horse” method applied to the °Li(p,a)3He reaction
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The 6Li( p,a)®He reaction has been studied frdfg,,=2.4 MeV down to astrophysical energies by means
of the indirect Trojan horse method applied to the(°Li, « *He) 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 quasifre¥Li-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 We will employ two steps in the evaluation of the experi-
mental data: first the quasifree contribution to the three-body
Among indirect methods to study charged particle reacbreakup reaction is selected from the experimental data and
tions at astrophysical energies, e.g., Coulomb dissociationompared with the result of a Monte Carlo simulation per-
[1,2] and the asymptotic normalization coefficient methodformed under the assumption of a pure quasifree mechanism;
[3—6], the Trojan horse metho@HM) [7—9] has proven to then the two-body excitation function is extracted from the
be a very powerful tool since it makes it possible to compendata and compared with the one obtained from a direct
sate the exponential decrease of the cross section at suBki( p,«)3He experiment. A number of direct datasets con-
Coulomb energies. Once selected, the quasifree contributiarerning theSLi( p, «)*He reaction are available, and most of
of an appropriate three-body reaction performed at energiethem are accounted for in the NACRE compilatipft9—
well above the Coulomb barrier, the off-shell cross section 022,26—-32. Here we refer to the data of Rdf22], which
the astrophysically relevant two-body reaction can be exeover the whole energy range investigated in the present
tracted even at very low relative energy. A number of reacwork, and whose resonant behavior appears to be well
tions, such as’Li(p,a)*He and SLi(d,«)*He, connected reproduced by the fitteds factor curve in the NACRE
with fundamental astrophysical problerh$0,11] have al- compilation[32].
ready been studied through tHé’Li, «a)n [12—16 and the
OLi(°Li, wr)*He [17,18 three-body reactions, respectively. Il. AREVIEW OF THE THM THEORETICAL FORMALISM

Important results were obtained and those studies allowed to We di hort d - f the basic h h fh
validate the conditions under which the method can be ap- € give a short description of the basic hypotheses of the

plied at energies above and below the Coulomb barrier, allHM, since it has already b_een presenteq several times
though not within the same experiment. The present pape[ﬁ,9314—16,1$ The THM applles_ to a reaction between a
reports on a recent investigation of thiei( p, «)*He reaction particleA and a nucleus. (the Trojan horsg whose associ-
through the 2H(°Li, @n)®He three-body reaction. A wide ated wave function has a large amplitude fax-ab cluster
range ofE, ,, for the 5Li-p system was explored, allowing to conf|gurat|on. Under appropriate k|n(_ema_t|cal conditions it is
perform a domplete validity test of the THM below and possible to sel_ect the quasifree c'on.trlbutlon to the three-body
above the Coulomb barrier at the same time. Besides a no'l?_reakup reaction where the particlanteracts only with the
resonant-wave contribution, théLi( p,a)3He two-body re- partx of the nucleus, leaving the nucleub as a spectator to

action appears to proceed through a state of the intermedia&ge processA+a(=x+b)—C+c+b. The A+a reaction
"Be nucleus at 7.2-MeV excitation energy, which produces & 4" ata center-of-maésm.) energyE,, above the Cou-
resonance &, ,= 1.6 MeV in thebLi-p excitation function omb barrier, chosen in such a way that the quasifieex
[19-22. A noticeable result would mean the presence of the’fOcess can ta_\ke place even at very .IOW sub-Coulomb ener-
same resonant behavior in tR&i-p excitation function in- giesEnx. In_th|s ”amewofk’ thec—b binding energy plays
directly extracted. The quasifree contribution to the? key F°_'e In compensating ‘]‘or th_eH—a relative motion, .y
2H(Li, @n)®He reaction was previously investigated at en-determining the so called “quasifree two-body energy
ergies above the Coulomb barri{g3]. In spite of the large given by

energy step exploited in that experiment, a fair global agree- Eg=Eax—By_bp. (1)
ment with the free reaction cross section was obtained and a

quasifree data were reproduced quite well by a simple calcuequivalent to the expression given in Ref]. E, represents
lation based on the plane-wave impulse approximdt.  the beam energy in the center-of-mass of the two-bAdy
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—X system andB,_, is the binding energy for th&—Db in obvious notation for(relative momenta andreduced
system. Then, a cutoff in the momentum distribution, whichmasses, wher& denotes theC+c system. The two-body
is related to the Fermi motion &finside the Trojan horse, = THM cross section in Eq(2) is given by

fixes the range of energids,, around the “quasifree two-

body energy” accessible in the astrophysically relevant reac- do™

tion. Since the Trojan horse method effectively removes the dQ 4k
Coulomb barrier for the systelA—x, their collision takes ce
place in the nuclear interaction region without suffering from

either Coulomb suppression or electron screening effects. A — Sancodi ]
detailed theoretical formalism has been employed in a post-

form distorted-wave Born description to derive the relationyith the total(nuclear+ Coulomb S-matrix elementsS, for
between the triple differential cross section of the three-bodyne reactionC + c— A+ x where §(aycq is the Kronecker

breakup reaction and the two-body cross section of intere%tymboL It has the form of a usual two-body cross section
[8,9]. In this approach the surface approximation is eM-gxcept for the functions

ployed in order to derive an expression of the three-body

T-matrix element in terms of th&matrix elements of the (+) * ) (+)

astrophysical two-body reaction. A further and simpler de- N :kAxQAaJR drr j1(Qaan)ur " (Kaxr), (7
scription in terms of a modified plane-wave approximation

leads to a form for the three-body cross section similar tQuhich reflect the off-shell nature of the two-body process.
that of the plane-wave impulse approximatif®4]. The  These functions are given in terms of spherical Bessel func-
modified plane-wave approximation still accounts for thetions j, and Coulomb wave functionsi™)=e¥9(G,
Coulomb effects in the two-body reaction, but neglects them. i ) "The integral is calculated starting from the so called
in the entrance and exit channels of the three-body reactiony toff radiusR, which is introduced in the surface approxi-
As long as the energies involved are high enough, as in thgation and is usually chosen as the sum of the radii of nuclei
present case, this does not change the energy dependencexinqx. The argument of the Legendre polynomilin Eq.

the astrophysic_al relevant two-body cross section but only it§3) corresponds to the cosine of the c.m. scattering angle of
absolute magnitude. Therefore, the THM can be used to %he two-body reaction. For small energie€,
. X

tract the energy dependence of the two-body reaction. How-_ ; 2.2
ever, the absolute magnitude of the cross section has to brg

derived from a scaling to direct data available at higher eNt e integral derives from radii close to the cutoff radRs

ergies. he behavior of the irregular Coulomb functi®nin
Here we give only the most relevant formulas. For detailsdt{_-e to the behavior of the irregular Coulomb functidn

we refer to Refs[8,9]. Using the above approximations, the uj~" that increases rapidly for small radii. Thus, we use
triple differential cross section is given by Jl(i)ockAxQAaszI(QAaR)uli)(kAxR) ®)

E. (214 1)P(Qaa ke[ SIT

2

(6)

J(2upy) in the A+x channel, i.e., smalk,, and a
rge Sommerfeld parameter,,, the main contribution to

d’c CKEIW(Ban |2 167° veedo'™ ,  as a first approximation to the integral which contains the
dEcdQcdQ, W(Qep)| k2,Q2 vaxy dQ @ essential dependence on the endfgy. Since the quantity
xha Qa, is almost constant for smag,, (i.e., in the peak of the

momentum distribution the dependence of the functions
J™) on the energyE, is given bykau™ (kayR). For in-
my - elastic processes involving different initial and final channels
Paas the J(~) term in Eq.(3) vanishes. Thus, Eq2) reduces to
3) the more simplified form

with momenta

- - A - - -

7Qpa=Paa— mpBbv 7 Qpp=Peb— Mg+ m,
. = . dc = pUcc do

and a momentum amplitud®(Qg,) that is connected to the JEdado.- KF|W(Qgp)|2—= > P,C, E(CCHAX),

wave function of the Trojan horsein momentum space. For cHRicHte VAx |

the present case the deuteron is the Trojan horse where we ©)

assume a Hultrewave function where we neglected the interference from different partial

wavesl. The quantitydo, /d() represents the on-shell two-
> ab(a+b) E —ar_ .—br body cross section for the reacti@+ c—A+x in partial
O(r)=\/——=—(e e "N (4) ) A
2m(a—b)2r wavel, whose Coulomb suppression at low energies is com-

pensated for by the presence of the penetrability factor

with parametersa=0.2317 fm ! and b=1.202 fmi ! [12] 5 5
for its ground state. KF is a kinematical factor, given by Pi(kaxR) =Gi (kaR) + Fi(kaxR), (10

-1 andC, is a constant. Expressiqi0) strongly resembles the
(5) factorization resulting from a plane-wave impulse approxi-
mation [24] further corrected for the Coulomb penetration.

_ MaaMe pcpg
(2m)°h" Paa

MBp M

E 50(:) 51:
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FIG. 1. Example of aAE-E matrix for telescopd'l.

FIG. 3. Kinematic locus of eventss,, Vs E,, within the peak in
The a priori inclusion of Coulomb and off-shell effects is the Q-value spectrum of Fig. 2.
indeed the essential feature of the present approach. The ap-
pearance of the constant factorand the employed approxi- erator at the Laboratori Nazionali del Sud in Catania. A
mations prevent the absolute value of the two-body crosg0 ng/cn? CD, target was bombarded with a 25-MeWi
section to be known. Nevertheless, absolute cross sectiolb@am, with a spot size on target of about 1-mm diameter. The
can be obtained through normalization to direct data availexperimental setup consisted of tuiE — E telescopes with
able for most reactions of astrophysical interest at energieso-,m silicon detectors a4 E and 1000xm position sensi-

above the Coulomb barrier. tive detector§PSD) asE detector. The two telescopes, called
T1 andT2 in the following, were placed on opposite sides of
Il. THE EXPERIMENT the beam direction covering the laboratory angles 14.5° to

24° and 28.3° to 37.7°, respectively, with equal solid angles
The experimental study of thH(°Li, a®He)n reaction  of 12.5 msr. These angles were selected in order to fulfil the
was performed with the SMP Tandem van de Graaff accelguasifree conditiop,=0 MeV/c for the breakup process of
interest whenx and *He were detected and identified Ti.

L and T2, respectively. The wide angular ranges allowed to
12000 |~ i have several quasifregd, sy angular pairs contributing
- to the process and momentum values for the undetected neu-
10000 L tron spectator ran_ging from about 100 M(_a\_//_c to abOL_Jt
| 100 MeV/c. The trigger for the event acquisition was given
3 - by the coincidence between the hits of the two telescopes.
= 8000 Energy and position signals for the detected particles were
3 - processed by standard electronics together with the delay be-
-g i ] tween the time signals for each coincidence event, and sent
6000 |- to the acquisition system for the online monitoring of the
< I experiment.
3 |
©4000
3 IV. DATA ANALYSIS AND RESULTS
i The energy and position calibration of tiE detectors
2000 |- ; S -
- and PSDs was performed using data acquired in preliminary
- L runs of the'®C(5Li, «)**N reaction at several beam energies,
o bl vty . P PR R after the identification of the many peaks corresponding to
-4 -2 0 Q—vglu elMay]  ° 8 well known excited states of*N. A standard three-peak

source was also used. Energy and position resolution were

FIG. 2. ExperimentalQ-value spectrum for theeHe+a+n  found to be better than 1%. In order to fully identify the
channel. channel of interest and to focus on the kinematical conditions
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where the quasifree process should be dominamind 3He  states of 'Be or “He are expected to feed thtHe+ a+n

loci have been selected in tieE-E matrices of theT1 and  channel. While the decay from tiHe ground state leaves
T2 telescopes, respectively. As an example ABReE matrix  the final neutron with a momentum larger than 100 MeV/

for T1 is shown in Fig. 1. Beside the events falling into thethe other two through'Be* and “He* might produce some
Z=1 andZ=2 loci and into the elastic scattering tédee effect within the quasifree region of the events. In order to
the figure, the simultaneous detection of two light particles check the presence of those contributions, the experimental
produces the groups of spurious signals in between. Thesguasifree momentum distribution for the neutron can be
events do not interfere at all in the selection of aeand  compared with the expected theoretical behavior given in
3He loci for the further analysis, being well separated fromterms of the Hulthe wave function in momentum space
them. The kinematics were reconstructed under the assumpteg].

tion of a neutron as third particle, leading to tievalue Dividing the quasifree coincidence yield by the kinematic
spectrum shown in Fig. 2. The spectrum shows a sharp pedkctor, we are left with a quantity that is proportional to the
just below 2 MeV, which corresponds to the channel of in-product of the momentum distribution for the neutron with
terest, i.e.,*He+a+n, whose calculated value is 1.79 the differential ®Li-p two-body cross sectiofsee Eq.(11)].
MeV. The corresponding locus of the events in thgdver-  In the region of the selected quasifree angles, energy and
susE, plane is shown in Fig. 3. The resulting spectra makeangle in the center-of-mass system for thg-p two-body

us confident regarding the quality of the performed calibrachannel vary within such a restricted range that the differen-
tion, and the possibility to well identify théHe+a+n  tial two-body cross section in this range can be considered
channel. In order to check the presence of the quasifree comimost constant. Then the quantity defined above represents
tribution, coincidence spectra have been projected on thessentially the momentum distribution for the neutron that
Espe(E,) axis for a fixed angle of one of the two particles, has to be compared with the Hulthevave function in mo-
0344(0,) and varying the other angle within the angular mentum space.

range of the detector. An example of the resulting spectra is From the comparison reported in Fig. 5 a fair agreement
shown in Fig. 4. The arrows mark the condition of nearlyshows up in the region approaching zero neutron momentum.
zero neutron momentum. The feature expected for a quasin order to single out the region where the quasifree mecha-
free process shows up, that is, the coincidence yield demism is dominant, only coincidence events for neutron mo-
creases ap, moves away from zero, which corresponds tomenta ranging from-30 MeV/c and 30 MeVt were con-

the (Osne,0,)=(34.5°,18.8°) angle pair. Similar results sidered in the further analysis.

have been obtained for other quasifree angle pairs. Sequen- The experiment was simulated by means of a Monte
tial processes through the ground state®sfe or excited Carlo calculation based on the theoretical approach previ-
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100 E TABLE I. Level parameters of thB-matrix fit: J7, total angular
L momentum;E, , level energy;s, channel spinj, orbital angular
L momentum; andy, ., reduced width amplitude.
E -
=80 |- e 1 J7 E, (MeV) Channel s Iy (MeVY?
= | .
g = i+ 30.00 SLi+p i 0 5.3975
S - ’ 3t 30.00 SHe+%He 1 0 8.6297
c 00T 5+ 30.00 SLi+p 2 0  139.8268
NG P 3+ 30.00 HetHe L1 2 4.0860
R S ¢ 5- 7.15 SLitp 2 1 0.9375
R - 7.15 Het®He 1 3 0.1620
Qf L 3- 30.00 SLi+p 3 4.6704
= L } ‘~ 3- 30.00 SLi+p | ~7.2431
20 ? 3- 30.00 *He+%He 3 1 2.0540
"8 'Y ¢ s 3 30.00 ®Li+p 3 1 1.17516
- 3 30.00 SLi+p ! 1.1043
0 1 1 1 ] 1 1 1 ] 1 1 1 ] 1 1 1 ] %— 30.00 3He+ 4He % 1 3.7961
—40 -20 0 20 40

Qg [MeV /c]
the full range. The bump at 0.7 MeV may also partially origi-
FIG. 5. Experimental momentum distribution for the spectatorngte from the contribution of the very broal £ 1.2 MeV)
neutrgn(full circles)_, compared _with distribution derived from the fj.st 5/2- |evel of 'Be at 6.73 MeV of excitation energy.
Hulthen wave function(dashed lines However, due to its rather large width, this level should not
give a substantial improvement to the fit, which in this case
ously described. The reaction was assumed to proceewould require a more complex two-levBtmatrix calcula-
through a pure quasifree mechanism and all experimentdion.
constraints in energy and scattering angles for the detected The selected coincidence yield, still not corrected for the
particles were taken into account. The momentum distribugeometric efficiency of the experimental setup, is shown in
tion of the neutron inside the deuteron was described iFig. 7 as a function of thep-SLi relative energy. A wide
terms of the parametrization given in R¢L6]. The two-  p-®Li relative energy range is populated, from about 2.5
body cross section entering the calculation is the result of #eV down to 40 keV. The three-body cross section from the
single-levelR-matrix parametrization of théLi+p reaction ~Monte Carlo calculation is also show(ull line), together
[22], taking into accouns andp waves in the entrance chan-
nel. Thes-wave contribution describes the low-energy non- 250
resonant part of the cross section and pheave is respon-
sible of the resonant contribution since tfid + p two-body 225
reaction also proceeds through the 5f2sonant state ofBe
at 7.2 MeV[22]. The level parameter values for tRematrix
fit are given in Table I. For all states involved in tRamatrix 175
calculation, except for the resonance, a background reso-
nance at 30 MeV was assumed. A channel radius of 4.0 fme 15¢
was used. ThéF s, channel in the’He+ “He final partition =
is necessary to describe the resonant structure in the ipitial @ 125
wave, as well as to account, together with tH,,, for ©
contributions and couplings in tH&,_ coefficients of the an- 100
gular distributiong22]. The inclusion of the’D s, and 2F+,

200

in the final partition, and of the waves in the initial parti- I Y

tion might be needed for a more precise calculation, but, as ., 4/ 5 T
discussed in Ref.33], the properties of such levels are too

uncertain to make reliable a compldRematrix fit. The result 25

of the R-matrix calculation is shown in Fig. 6. Dashed and ‘

dotted lines represent the=0 andl =1 contributions to the 0 — oF . e 5

two-body cross section, respectively. Their incoherent sum
(full line) is superimposed to the direct data from Re2].

Our R-matrix fit giveS a tOtal)(2:5.35 for the cross section, FIG. 6. Experimental cross section for tﬁEI( p,a)3He reac-
which is rather good for 30 data points and 13 variable pation from Ref.[22] (open triangles full line, R-matrix fit to the
rameters. The fit appears to be better than that of R&],  experimental cross section for the same reaction; dashed and dotted
being able to reproduce quite well the behavior of the data ifines, separaté=0 andl =1 contributions.

°Li—p relative enérgy (MeV]
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FIG. 7. Three-body coincidence yield projected on héLi FIG. 8. Indirectp-5Li two-body cross sectioffull circles) com-

relative energy(full circles); full line, calculated three-body cross pareq with the direct data from R22] (open triangleks
section; dashed and dotted linés;0 andl =1 contributions.

was checked also at sub-Coulomb enerdi#4,18. The
with the separaté=0 (dashed linandl=1 (dotted line@  present result represents the first validity test spanning at the
contributions. The calculation reproduces quite well the €Xsame time both energetic regions_ Tﬂ&) factor from the
perimental behavior confirming the assumptions employedndirect data was then extracted and compared with the direct
The further step was to extract the two-body cross sectiobehavior, as shown in Fig. 9. For completeness, beside the
from the coincidence yield in order to be compared with thedata of Ref[22] (open trianglel lower energy data of Ref.
two-body cross section from direct measurements. The af25] (open circley are reported and superimposed to ours
propriately scaled=1 contribution from the simulation of (full circles). The full line represents the result of a second
Fig. 7 was subtracted from the coincidence yield resulting irorder polynomial fit to our data,S(E)=3.00-3.0E
a smooth spectrum for the nonresonsmtave contribution.  +1.932 which gives aS(0) value of 3.06:0.19 MeV b.
This spectrum was first divided by the result of a MonteHowever, being the very low energy part of tB&E) spec-
Carlo simulation for thé =0 contribution, assuming a con- trum in the tail of the detection efficiency curve, its behavior

stant on-shell two-body cross sectimee Eq(10)], and then  has to be further substantiated. An experimental study of the
summed up to thé=1 contribution from theR-matrix fit to

the direct datasee Fig. 6. The result represents the two-
body cross section extracted from the three-body reaction.
Penetrability effects, due to the presence of both Coulomb
(1.2 MeV) and centrifugal(3.9 MeV) barriers in the direct
data, were fully accounted for in the procedure. The obtained_ 5
two-body cross section is shown in Fig.(Ill circles) and
compared with the directly measured cross sedfopen tri-
angles. The overall agreement is quite good with a distinct f:\
contribution from the resonance. The two sets of data arey 3
normalized to the top of the resonance and the reported ex-
perimental errors contain both statistical and normalization 2
uncertainties, for an overall relative error of 11%. The

value of the fit to the direct data is 14.2 for 28 data points 1
and one variable parameter, which accounts for the normal-
ization between the two sets of data. A good agreementis a ©
necessary condition for the applicability of the THM in the
further extraction of the astrophysic®(E) factor and they?

value can be considered as an important index of confidence FIG. 9. Indirectp-SLi S(E) factor (full circles) compared with
for the performed validity test. Earlier works have alreadythe direct data from Refd.22] (open trianglels and [25] (open
shown the consistency of the THM at energies above theircles. The full line represents the result of a second order poly-
two-body Coulomb barrief15]. Furthermore, the method nomial fit to the indirect data, as reported in the text.
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2H(Li, «®He)n reaction at lower beam energy will be per- region of spectator momentum close to zero. The mechanism
formed in the near future, aimed at populating the energyproceeds through a virtual two-body reaction of the incident
region of astrophysical interest. A clear understanding of théLi with the proton in 2H. The p+°Li reaction was indi-
low energy data, will help in defining the “transition” region rectly studied over a wide range of relative energy from 2.4
where the disagreement between the two sets of data shouldeV down to the astrophysical region. The present work is
be attributed to the presence of electron screening effects iof remarkable importance, being the first unified validity test
the direct ones. This will allow us to get an estimate of thefor the THM below and above the Coulomb barrier. In a next
electron screening potential from the comparison of the twastep the same two-body reaction usifige as Trojan horse
experimental trends. nucleus instead ofH will be studied. A relevant difference
V. CONCLUSIONS is the presence of a charged particle as spectéter deu-
The obtained result on theH(°Li, a®He)n reaction estab- teron. This would allow to further test the dependence of the
lishes the presence of the quasifree mechanism around tAdiM on the Trojan horse nucleus and on the spectator.
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